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NanobiosensorMost chemical and, with only a few exceptions, all genetically encoded ﬂuorimetric calcium (Ca2+) indicators
(GECIs) emit green ﬂuorescence. Many of these probes are compatible with red-emitting cell- or organelle
markers. But the bulk of available ﬂuorescent-protein constructs and transgenic animals incorporate green or
yellow ﬂuorescent protein (GFP and YFP respectively). This is, in part, not only heritage from the tendency to
aggregate of early-generation red-emitting FPs, and due to their complicated photochemistry, but also resulting
from the compatibility of green-ﬂuorescent probes with standard instrumentation readily available in most lab-
oratories and core imaging facilities. Photochemical constraints like limited water solubility and low quantum
yield have contributed to the relative paucity of red-emitting Ca2+ probes compared to their green counterparts,
too. The increasing use of GFP and GFP-based functional reporters, together with recent developments in
optogenetics, photostimulation and super-resolution microscopies, has intensiﬁed the quest for red-emitting
Ca2+ probes. In response to this demand more red-emitting chemical and FP-based Ca2+-sensitive indicators
have been developed since 2009 than in the thirty years before.
In this topical review, we survey the physicochemical properties of these red-emitting Ca2+ probes and discuss
their utility for biological Ca2+ imaging. Using the spectral separability index Xijk (Oheim M., 2010. Methods in
Molecular Biology 591: 3–16) we evaluate their performance for multi-color excitation/emission experiments,
involving the identiﬁcation of morphological landmarks with GFP/YFP and detecting Ca2+-dependent ﬂuores-
cence in the red spectral band. We also establish a catalog of criteria for evaluating Ca2+ indicators that ideally
should bemade available for each probe. This article is part of a Special Issue entitled: Calcium signaling in health
and disease. Guest Editors: Geert Bultynck, JacquesHaiech, ClausW. Heizmann, JoachimKrebs, andMarcMoreau.
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France.1. Small-molecule chemical Ca2+ indicators
Small-molecule ﬂuorescent indicators for Ca2+wereﬁrst introduced
by Tsien and colleagues in the mid-eighties [1] and there is a broad
choice among ﬂuorescent probes for measuring the free intracellular
Ca2+ concentration ([Ca2+]i) [1–8]. Many of these chemical Ca2+
indicators exist in two forms: as membrane-impermeant salts for
microinjection or loading via a patch pipette and as cell-permeant
acetoxymethyl (AM) esters [9] allowing their non-disruptive
loading into many cells at the same time. For the same indicator,
the Ca2+-dependent ﬂuorescence signal can depend strongly on
the method of dye-loading [10].
Fig. 1. Ca2+ binding modulates indicator ﬂuorescence. (A) Functional principles of PET-
based Ca2+ sensing. Seemain text for details. (B) Energy changes of the ground and excit-
ed states and the transitions (S0→ S1) governing the spectral bands of the PCT-based Ca2+
sensors: (a) the coordinationmoiety (shown in gray) pulls the Ca2+ towards the acceptor
group, producing a red-shift in the spectral emission; (b) opposite case, when the coordina-
tion moiety pulls the Ca2+ ion towards the donor group producing a blue-shift.
Adapted from ‘Molecular Fluorescence’ (B. Valeur, ed.), Wiley-VCH, Weinheim, 2002, see
also Yan [36].
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into two categories, dual-excitation or -emission wavelength indicators
that allow calibrated [Ca2+]i measurements through excitation or emis-
sion ratiometry, respectively [11–13], and intensometric dyes for which
themolar extinction ε and/or ﬂuorescence quantum yieldΦF varies as a
function of Ca2+ binding. These non-ratiometric single-wavelength
Ca2+ indicators report relative ﬂuorescence changes (F/F0 or ΔF/F0)
only and constitute the largest group. The advantages and disadvan-
tages of each group have been discussed. It is safe to say that precise
measurements of basal cytoplasmic [Ca2+]i values around 100 nM
are at best difﬁcult [14–16], and whereas earlier studies often sought
to determine absolute [Ca2+]i levels, the more recent literature is
dominated by ΔF/F0 (and, for some applications, dual-color green
(G)/red (R) pseudoratiometric ΔG/Rmeasurements with a red-emit-
ting and Ca2+-insensitive reference dye) measurements of Ca2+-
dependent ﬂuorescence transients.
1.1. Working principle of chemical ﬂuorescent Ca2+ indicators
Chemical Ca2+ indicators consist of a ﬂuorophore moiety determin-
ing their photophysical properties and an ionophoremoiety complexing
Ca2+. Many, but not all indicators have a molecular linker between
these two parts (see below). Ca2+ binding modiﬁes the ﬂuorescence
of the construct. Ca2+ sensing is generally based on one of two
photophysical principles: photoinduced electron transfer (PET) or
photoinduced charge transfer (PCT) [17].
The vast majority of Ca2+ indicators are PET-type sensors [18]. PET
sensors combine an electron-donating group (D), which is part of the
Ca2+ chelating moiety (an aniline in the case of BAPTA) that connects
to the conjugated aromatic system of the ﬂuorescent dye through a
bridge. The donor group quenches ﬂuorescence due to the electron
transfer from its highest occupied molecular orbital (HOMO) to the
‘half-ﬁlled’HOMOof the excited ﬂuorophore, which has a lower energy.
In the absence of Ca2+, the HOMO is mostly localized on the lone pair of
a heteroatom. Upon Ca2+ coordination the sensor becomes ﬂuorescent,
because the Ca2+ ion, acting as a Lewis acid, binds by way of the lone
electron pair of the donor. As a consequence, the energy of the HOMO
of the donor decreases and electron-transfer becomes impossible,
Fig. 1A. For PET sensors, this ﬂuorescence increase is often high enough
to directly quantitate the concentration of free Ca2+ ion ([Ca2+]),
Ca2þ
h i
¼ KD Ca2þ
 
 F−Fminð Þ= Fmax−Fð Þ; ð1Þ
for which it is necessary to measure the ﬂuorescence F and know the
indicator's intracellular afﬁnity for Ca2+ binding, the ﬂuorescence inten-
sity of the indicator solution in the absence of Ca2+ (Fmin) and the ﬂuo-
rescence intensity of the same solution under Ca2+-saturating
conditions (Fmax). For the [Ca2+]i to be precise, F, Fmin, Fmax and the
KD(Ca2+) must be determined at the same dye concentration, ionic
strength [19,20], temperature [21] optical path-length and instrument
gain and sensitivity, which is not warranted in cells. It is common to re-
port the KD(Ca2+) and dynamic range (DR = Fmax / Fmin)5 determined
in vitro (i.e., in cuvette measurements) using standard conditions
(22 °C, 100 KCl, 30 MOPS, pH 7.2).
The second principle— PCT— applies to sensors in which the Ca2+-
binding moiety is incorporated into the ﬂuorescent dye so that the
Ca2+-sensitive electron-donor (or electron-acceptor) group is conjugat-
ed with another electron-acceptor (donor) via an aromatic system.
Upon excitation, a full charge transfer of the donor to the acceptor occurs.
The excited state becomes more polar than the ground state. Therefore,5 The DR as deﬁned here denotes the maximal theoretically attainable dynamic range
in vitro. Themaximal signal expected in a practical experiment (which confusingly is often
referred to as the DR as well) will be reduced by modiﬁcations of the indicator properties
by the local chemical environment inside the cell (this is the DR in situ) but also be limited
by the baseline ﬂuorescence F0 ≥ Fmin and the signal amplitude ΔF ≤ Fmax.interaction of Ca2+ with the acceptor decreases the energy of both the
excited and ground states, Fig. 1B. This decrease is more pronounced for
the excited than for the ground state. As a consequence, a red shift in
the absorption and ﬂuorescence spectra of the Ca2+-bound complex is
observed (compared with the Ca2+-free form) and often the molar
extinction ε increases, too. Ca2+ coordinationwith the donormoiety pro-
duces the inverse effect. Changes of ﬂuorescence quantum yields (ΦF)
and excited-state lifetime (τ) are often associated. The calculation of
[Ca2+]i for PCT sensors is facilitated by compounds having large red-
or blue-shifts of the emission or absorption bands. The Ca2+ concen-
tration then can be estimated ratiometrically using two different ex-
citation or emission wavelengths; R= F(λ1) / F(λ2) is measured and
the ratios for the Ca2+-free and Ca2+-saturated indicator (Rmin, Rmax)
as well as the KD(Ca2+) must be known,
Ca2þ
h i
¼ R−Rminð Þ= Rmax−Rð Þ  Fmin λ2ð Þ=Fmax λ2ð Þ: ð2Þ
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principle, the advantage of making the [Ca2+]i estimate insensitive to
factors linearly affecting ﬂuorescence. These are the dye concentration,
optical path-length and instrument sensitivity [11–13]. Instrumentation
for ratio-imaging is available from many suppliers see, e.g., [22–24] for
review. In practice, incomplete dye hydrolysis, alongwith sequestration
in different subcellular compartments and locally differing dye extru-
sion across the plasma membrane, concentration quenching as well as
local differences in solvent polarity, viscosity, ionic strength or temper-
ature, and locally different photobleaching produce local differences in
the indicator's photophysical properties that can invalidate the pre-
mises of ratiometry. Also, while an abundant literature on different as-
pects of fura-ratiometry exists [10,25–28], none of the newer
ratiometric probes has been evaluated as thoroughly as fura-2, and
ratiometric Ca2+ imaging is much less being used these days than it
was 20 years ago.
1.2. Ca2+-chelating moieties in ﬂuorescent Ca2+ indicators
1.2.1. Afﬁnity
One of themost important considerations in choosing an indicator is
its Ca2+-binding afﬁnity, which is reﬂected in the dissociation constant
KD(Ca2+). Ca2+ indicators roughly respond in a concentration range
between 0.1× to 10× KD(Ca2+). However, Ca2+ sensitivity is most
reliable in a [Ca2+] range below and very near the KD(Ca2+) [2].
Matching the indicator KD(Ca2+) to the expected Ca2+ signal improves
its detection.
1.2.2. Speciﬁcity
Ca2+ indicators need to be speciﬁc. Interference from other divalent
cations than Ca2+ (in a physiological context mostly Mg2+, but also
traces of Zn2+) or (de-)protonation of the Ca2+-binding motif and/or
ﬂuorophore will lead to ﬂuorescence changes unrelated to [Ca2+] and
hard to interpret. Therefore, Ca2+-speciﬁc binding is probably even
more important than amatched KD(Ca2+) and amplitude of the expect-
ed Ca2+ signals, which explains a large part of the success of BAPTA as a
chelator of most if not all recent small-molecule chemical indicators.
1.2.3. Buffer capacity
An important consideration for Ca2+ imaging is that, as ﬂuorescent
Ca2+ chelators, all Ca2+ indicators act asmobile Ca2+ buffers and distort
the Ca2+ signals to be measured [16,29]. Immobile buffers reduce the
amplitude of Ca2+ transients, but lengthen them at the same time.Scheme 1. Ca2+Mobile buffers contribute to the diffusional equilibration of [Ca2+]i
gradients by binding Ca2+ and releasing it elsewhere. At a dye con-
centration of 100–200 μM intracellularly (which is typical for
patch-clamp loading), a high-afﬁnity indicator having a KD(Ca2+)
of ~100 nM completely overrides the endogenous Ca2+ handling of
the cell. Lower-afﬁnity and brighter indicators allow us towork at re-
duced indicator concentrations and buffer capacity or “Ca2+ binding
ratio” κ = ([B]TKD(Ca2+)/(KD(Ca2+)[Ca2+])2), which is a nonlinear
function of the indicator's binding afﬁnity, and the free Ca2+ concentra-
tion [30]. For a low-afﬁnity chelator or indicator, i.e., Ca2+≪ KD(Ca2+),
κ simpliﬁes to [B]TKD(Ca2+), i.e., buffering is proportional to the total
buffer concentration and its ability to bind Ca2+.
BAPTA (see Scheme 1) is an aromatic analog of ethyleneglycol
tetraacetic acid (EGTA) [31]. BAPTA is highly selective for Ca2+ over
Mg2+, much more than EDTA and EGTA, and the metal binding is also
much less pH sensitive. Furthermore, BAPTA binds and releases Ca2+
ions much faster than EGTA. The BAPTA moiety can be modiﬁed to
tune its KD(Ca2+). Its nitrogens act as Lewis bases towards Ca2+ and
their basicity can be strengthen by the introduction of electron-
donating groups on the aryls of the BAPTA, such as heteroatoms
(nitrogen, oxygen) or alkyl groups (mostly methyl, CH3). Conversely,
the KD(Ca2+) is increased by introducing electron-withdrawing groups,
e.g., halogen atoms (F, Cl, Br), a nitro (NO2) or a nitrile (CN) [32], a
strategywe used to generate a whole family of Calcium Ruby indicators
having different Ca2+ binding afﬁnities spanning the 0.3–20 μM range
(see below).
APTRA (aminophenol triacetic acid) is a chelating moiety developed
by Levy et al. [33]. However, neither does it attain the afﬁnity for Ca2+
binding of BAPTA, nor its high selectivity for Ca2+ over other divalent
ions. APTRA derivatives continue being used as ﬂuorescent Mg2+ sen-
sors (Mag-fura-2, Mag-fura-5, and Mag-indo). Combined with BODIPY
[34] as a ﬂuorophore, an APTRA-based red-emitting Ca2+ reporter has
been described but its use has been limited.
MOBHA (2-(2′-morpholino-2′-oxoethoxy)-N,N-bis(hydroxycarbonyl
methyl)aniline) as a conjugation to 6-(benzo[d]oxazol-2′-yl)-2-(N,N-
dimethylamino)naphthalene produced the blue-green emitting low-
afﬁnity Ca2+ probe BCaM with a KD(Ca2+) of 90 μM [35]. An excellent
overview of these chelators based on amino acids or amino ethers with
carboxy groups and other more exotic Ca2+ chelators is found in [36].
1.2.4. PEG chelating moieties
Different-length polyethyleneglycol chains have been investigated
as selective Ca2+ ligands to develop ﬂuorescent Ca2+ probes. In 2005chelators.
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podand systems and showed that ﬁve oxygen atoms in the ﬂexible
podand PEG moiety speciﬁcally bound Ca2+. From this work, an
ON–OFF sensor was obtained based on a squaraine foldamer that
works on the principle of exciton-coupled signal transduction with a
KD(Ca2+) of 51 μM, (Scheme 2, A). This chelator is not able to detect
Ca2+ ions under biological conditions due to self-aggregation under
aqueous physiological conditions. It should be taken into account,
however, that this is the ﬁrst example of Ca2+ sensor working on this
principle. Ashokkumar et al. described a similar construction where an
acridinedione bichromophoric podand system based on a ‘classical’
OFF–ON PET quenching [37]. This PEG-probe speciﬁcally binds Ca2+
with a KD(Ca2+) = 15 μM in acetonitrile (Scheme 2, B), but again this
probe does not work in water. To our knowledge, no Ca2+ sensor
based on a PEG ligand working in physiological conditions has been
demonstrated up to now.
Many of the older popular Ca2+ sensors (quin-2, fura-2, indo-1,
ﬂuo-2, rhod-2, ﬂuo-4) and all recent Ca2+ indicators incorporate
BAPTA as the Ca2+ chelating moiety [5]. Although commercially
available, BAPTA is not easily transformed into a ﬂuorescent sensor,
which has prompted the syntheses of BAPTA scaffolds from scratch to
introduce the ﬂuorescent reporter (generally via an aldehyde group)
[32,38]. These syntheses generally start with successive attacks of
orthonitrophenol derivatives on dibromoethane followed by the reduc-
tion of the nitro groups into aniline, which are then alkylated withA
B
Scheme 2. Ca2+ sensors ina bromoacetyl derivative (methyl, ethyl or tert-butyl bromoacetate)
before being involved in a Vielsmeyer–Haack reaction to introduce
an aldehyde function. Starting from this aldehyde, xanthene dyes
(ﬂuorescein, rhodamines) can be introduced quickly although yields
are rarely satisfactory. A last step is necessary to deprotect the acid func-
tions of the BAPTA (Scheme 3).
The bipartite nature of the Ca2+ indicator might suggest that its
optical and Ca2+-binding properties are entirely governed its the
ﬂuorophore and chelating moiety, respectively. However, this is not the
case. This is illustrated by the fact that many Ca2+ probes share BAPTA
as a chelating moiety but they display quite different KD(Ca2+)s.
These differences reveal the inﬂuence of the chromophore on the
Ca2+ chelator. Electron-donating or withdrawing effects modifying
the KD(Ca2+) can be minimized by introducing a molecular linker
between the chromophore and BAPTA, but this linker also affects
other photochemical properties, the most sensitive one being its
dynamic range, DR = Fmax / Fmin. For example, in the case of rhoda-
mines, the positively charged ﬂuorophore has an electron withdrawing
effect, which has the tendency to lower the KD(Ca2+) compared to the
free BAPTA, as it is observed in the case of rhod, X-rhod and the Calcium
Ruby indicators.
From the standpoint of chemical synthesis, including the BAPTA into
the chromophore is often more complicated than linking but it permits
to obtain ratiometric (PCT-based) probes. PCT does not work when the
chromophore is not fused to the BAPTA, because themolecular planes ofvolving PEG ligands.
Scheme 3. General synthesis of ﬂuorescent sensors based on BAPTA.
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the π-electron delocalization. On the contrary, separating BAPTA and
chromophore allows PET. However, this linker should be short: a large
separation of the chelator from the ﬂuorophore is expected to result in
a smaller change in PET efﬁciency upon Ca2+ (un-) binding.
1.3. The quest for red-emitting Ca2+ probes
The red or far-red wavelength region is attractive for biological ﬂuo-
rescence affording higher tissue penetration due to reduced scattering,
absorption by endogenous ﬂuorophores, and lower phototoxicity.
Long-wavelength Ca2+ indicators reduce spectral overlap the spectrally
broad (Fig. 2A) multi-component (Fig. 2B) autoﬂuorescence and workA
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Fig. 2. Astroglial autoﬂuorescence spans the visible spectrum, but is less excited at wavelengths
(right) spectra of mixed autoﬂuorescence in cultured mouse cortical astrocytes. Gray traces are
provided quasimonochromatic illumination (15–18 nmFWHM) around the speciﬁed center wa
on the emission spectrum (the later excited at 460 nm, dashed line on the excitation spectrum)
(Oheim Lab). (B) Example of the different endogenous ﬂuorophores present in cells. Image sho
dard DAPI (blue), TRITC (green) and Texas Red (red) ﬁlter cubes. Fluorophore distributions an
respectively. Scale bar, 10 μm. Unpublished data by Christina Kleinert (Oheim Lab). (D) Waterin an ‘optical window’, where water and hemoglobin absorption are re-
duced, Fig. 2C. Long-wavelength emitting probes also allowmonitoring
Ca2+ in cells or tissues expressing yellow- or green-ﬂuorescent proteins
[39–41] or labeled with other green-emitting ﬂuorophores.
Multi-color ﬂuorescence is essential, too, when it comes to measur-
ing absolute [Ca2+] levelswith intensometric dyes or studying Ca2+ sig-
nals at cellular and subcellular levels. Relative intensity (ΔF/F0) changes
cannot be unambiguously interpreted as [Ca2+] changes, as (i) the dye
volume can vary across the cell; (ii) resting [Ca2+]i varies among the cy-
toplasmic and different subcellular compartments; (iii) Ca2+ sinks and
sources are local, resulting in microdomain Ca2+ signals (see [42] for
review) and, (iv) Ca2+ indicators can be accumulated non-
uniformly in different compartments, resulting in a locally varying0-4
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800600400
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beyond 500 nm. (A) Normalized (integral= 1) ﬂuorescence excitation (left) and emission
single cells, red trace, symbols and error bars are population average. A monochromator
velength. The excitation spectrumwasmeasuredwithin the 560± 40 nmband, indicated
. The detector was an intensiﬁed CCD camera. Unpublished data, taken by Fabien Nadrigny
ws pseudocolor overlay of the autoﬂuorescence detected in a cultured astrocyte with stan-
d spectra are reminiscent of those of NAD(P)H, ﬂavoproteins and lipofuscin/Phenol Red,
(through line) and hemoglobin (Hb, dashed) absorbance.
6 High brightness B = εΦF allows low indicator concentrations, i.e., small exogenous
Ca2+-buffer capacity, κ, meaning that the presence of the indicator distorts little endoge-
nous Ca2+ signals. See, e.g., [29] J. A. Gilabert, “Cytoplasmic calcium buffering,” in Calcium
Signalling. vol. 740,M. S. Islam, Ed., ed Dordrecht: Springer, 2012, pp. 483–498 for a recent
discussion.
7 Due to the poor water solubility of these AM esters, dilutions from DMSO-based stock
solutions and surfactant reagents such as Pluronic®must often be used to facilitate loading
and disperse AM esters of ﬂuorescent ion indicators. Also, ester loading can be cell-type
and tissue-age-dependent.
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markers provides localization information to warrant the correct
interpretation of Ca2+-related ﬂuorescence transients. Most recent
publications in the chemical literature describing the synthesis and
photophysical and chemical properties of a newCa2+ probe now contain
a section on their sub-cellular localization. Attempts have been made to
combine the advantages of intensometric indicators with the intrinsic
normalization offered by ratiometry. Pseudo-ratiometric imaging with
a non-ratiometric Ca2+ indicator and a second (spectrally different and
non-Ca2+-sensitive) reference dye [14,43] can correct for optical path-
length difference, local variations in indicator concentration and sample
motility or focal drift but again results in the necessity of multi-channel
imaging and have become a standard, e.g., for interpreting Ca2+ signals
in small, motile compartments like dendritic spines.
Experiments combining photochemical uncaging, photoswitching,
or optogenetic activation (see, e.g., [44–46] for a recent overview)
bring up similar challenges for Ca2+ ﬂuorimetry. In these experiments
UV or blue-light photoactivation of cells identiﬁed with a ﬂuorescent-
protein marker (which, again, often is EGFP or EYFP) is combined with
Ca2+ imaging as a functional readout. The extension of the action spec-
trum of many photochemical cages, photoswitchable FPs or rhodopsins
to ~500 nm calls for a long-wavelength-shifted Ca2+ probe [41,47,48].
The challenges imposed by the relative dearth of color choices in
terms of both actuators and Ca2+ indicators have severely limited the
number of studies in which researchers have attempted to visualize
Ca2+ dynamics in such three-color schemes [41,49].
Despite good arguments in favor of Ca2+ ﬂuorimetry in the red
wavelength band the toolbox for measuring Ca2+ in the red spectral
band is comparably empty. With the exception of some more exotic
probes of no practical importance, the user has the choice between no
more than four families of small-molecule chemical Ca2+ indicators
(based on rhodamines, BODIPYs, squaraines and cyanines) and not all
these probes are commercially available. More importantly, many of
these probes do not perform similarly well as their green counterparts.
1.4. Why are there so few red-emitting chemical Ca2+ indicators?
Why are there so few long-wavelength emitting Ca2+ indicators?
Combining visible-light excitation with a large emission shift, high ΦF
and strong resistance to photobleaching is difﬁcult in molecular engi-
neering [50,51]. In general, a strongﬂuorescence inwater ismuch easier
to obtain at shorter λ because ﬂuorescence demands planarity and
molecular rigidity, which is easier to achieve with smaller than with
larger (and longer-wavelength-emitting) chromophores. Most known
choromophores that combine large size, long-wavelength emission
and rigidity are practically insoluble in water [52]. Even adding solubi-
lizing groups often cannot prevent the formation of aggregates that
are faintly or non-ﬂuorescent. As pointed out in the classical work of
Minta and co-workers, almost all long-wavelength-emitting dyes that
are soluble and highly ﬂuorescent in water are symmetrical. For exam-
ple, in rhod-2 the BAPTA is attached to the central 9-position of the
xanthene to maintain symmetry. Further constraints result from the
requirement to ﬁnd an equilibrium between Ca2+-binding and DR
that are inversely correlated with the electron-density withdrawing
action of the chromophore. The positively charged rhodamines result
in Ca2+ indicators that have generally lower afﬁnities than the nega-
tively charged ﬂuoresceins. Finally, the quantum mechanics of absorp-
tion and ﬂuorescence emission predicts that, all other things equal,
the intrinsic radiative lifetime of a chromophore scales with λ3 [53].
Short radiative lifetimes mean that ﬂuorescence emission competes
efﬁciently with non-radiative forms of de-excitation, implying that
long-wavelength emitting indicators often suffer from lower ﬂuores-
cence quantum yield than green-emitting indicators.
An ideal long-wavelength emitting ﬂuorescent chemical Ca2+ indica-
tor should be based on an unchargedﬂuorophore [40]. In addition to hav-
ing a high solubility in water, a high molar extinction (ε), ﬂuorescencequantum yield (ΦF)6 and thermal and photochemical stability, it should
distribute evenly in the cytosol, have a low basal ﬂuorescence (i.e., F0≈
Fmin at resting [Ca2+]i ~ 100 nM) and large ﬂuorescence enhancement
in response to Ca2+ binding (ΔF/F0, often confounded with the DR); it
should respond roughly linearly to [Ca2+] (i.e., have KD(Ca2+) compatible
with the range of [Ca2+]i to be measured); it should have low sensitivity
to pH because of the absence of ionisable functional groups within the
range of physiologically relevant pH values (i.e., practically a pKa≪ 7);
it should be compatible with the laser lines, ﬁlter cubes and detectors
available on modern confocal and multi-photon excitation microscopes
and, ideally, it should have molecular handles facilitating its dextran
conjugation or subcellular targeting (see below); and it should be inert,
i.e., not interfere (other as a Ca2+ buffer) with the biology probed. For
bulk loading and multi-cell imaging the availability of a membrane-
permeant acetoxymethyl (AM) ester-variant7 of the Ca2+ indicator [9]
would be a plus.
In the following, we hold this template of an ideal reporter of cyto-
plasmic Ca2+ against the available red-emitting chemical Ca2+ probes.
We compile in Table 1 the available data concerning their
• Chemistry (synthesis, possibility to include chemical linkers,…), their
photophysical properties (KD(Ca2+), spectra, ﬂuorescence lifetimes, ε,
ΦF,…), and list key publications.
• Performance for biological imaging (molecular weight, bleaching rate,
subcellular location, compartmentalization). Ca2+-buffer capacity (re-
lated toKD(Ca2+) andmolecular brightness B= εϕ, basalﬂuorescence
F0 and DR).
In Section 3, these chemical Ca2+ indicators are then compared with
the existing red-ﬂuorescent-protein based GECIs (Table 2). In the fourth
section of this review, we ask to which degree these different red-
emitting Ca2+ probes can be imaged with speciﬁcity in multi-color
experiments. To evaluate the amount of cross-excitation and bleed-
through in the presence of green- or yellow-ﬂuorescent protein, we cal-
culate the spectral speciﬁcity index, Xijk (a qualitative descriptor of
which fraction of the signal detected in a given color channel comes
from ‘wanted’ vs. ‘unwanted’ ﬂuorescence [54,55,159]) andwe evaluate
to which degree ‘standard’ laser lines and ﬁlter cubes (Table 3) can pro-
vide speciﬁc ﬂuorophore information in cells expressing GFP or YFP
(Table 4). Our review concludeswith a brief Section 5 on ongoing devel-
opments for intracellular ﬂuorophore targeting and the ‘pointillistic’
detection of Ca2+ microdomains.
2. Red-emitting small-molecule chemical Ca2+ probes: multiple
choices, but not a single indicator that does it all
2.1. Small-molecule red-emitting chemical Ca2+ indicators: an overview
2.1.1. Fura-red
This fura-2-analog is a visible-light-excitable ratiometric Ca2+ indi-
cator. The substitution of an oxazole of the benzofuran ﬂuorophore of
fura-2 by a thiohydantoin red-shifts both the excitation and emission
spectra. With 140 nM in vitro, fura-red has one of the highest Ca2+-
binding afﬁnities. Intracellular KD(Ca2+) values closer to 650–690 nM
have been reported [4]. Ratiometric excitation at 457/488 nm with
single-emission detection beyond 585 nm has remained anecdotic
[56]. This is because although fura-red allows excitation ratioing with
absorption peaks around 474 (437) nm for Ca2+-bound (-free) forms
Table 1
Properties of available red-emitting chemical Ca2+-indicators.
Ca2+ indicators λex,max
(nm)a
λem,max
(nm)
ε
(M−1 cm−1)
ΦF B
(M−1 cm−1)
KD(Ca
2+)
(μM)b
kon
(M−1 s−1)
koff
(s−1)
Fmin/Fmax
(DR)
pKa τ
(ns)
Selectivity
KD(X2+) (μM)/
quenching ion
Y2+
MW
(Da)
Subcellular
compartmentalization/
accumulation/
extrusion across the
plasma membrane
References, comments
Rhodamines
Rhod-1 (556)c (578) 100,000 0.0014
(0.021)
2.3 15 Mitochondria [52], discontinued.
Rhod-2 549
(552)
581 82,000 0.03
(0.102)
0.52
1.0[152]
3.4 n.d. 1
(0.01)
869.1
(salt)
1123.96
(ester)
Mitochondria AM-ester available, originally
KD,Ca = 1 μM reported, 10,000-MW
dextran available (530/576 nm)d.
From Invitrogen.
Rhod-3 555 580 78,858 at
518 nm
(82,098 at
522 nm)
0.38 N2.5 Cytoplasm ‘Improved’ version of rhod-2 AM-ester
available, [76]. From Invitrogen.
Rhod-4 530 555 64,000
(at 519 nm)
0.53 N200 815.64
(Na salt)
880.07
(K salt)
1000
(ester)
Predominantly
cytoplasmic
Similar results at RT
and 37 °C
Carbachol stimulation of HEK293 cells,
dose–response curve in comparison to
rhod-2.
Rhod-FF 549 19 1145.91
(ester)
Mitochondria Lower-afﬁnity version of rhod-2. From
Invitrogen
Rhod-5N 551 576 n.d. 0.002
(0.30)
320 50e
1.8,
0.7
(1.73)
900
(salt)
Mitochondria Lower-afﬁnity version of Rhod-2, Cd2+
and, to a lesser degree, Pb2+ sensor [75].
Available from Invitrogen.
Extended rhodamines (X-rhods)
X-rhod-1 576
(580)
602 92,000 0.70 N100 1228.2
(ester)
Mitochondria [98] AM-ester available. From Invitrogen.
X-rhod-5F 580
(581)
603 82,000 1.6 N100 977.2
(salt)
Mitochondria
X-rhod-FF 580
(580)
603 80,000 17 Mitochondria Discontinued
X-rhod-5N 580
(581)
602 78,000 350 Mitochondria Discontinued
Ca Crimson 590 615 0.185 2.5 1368.4
(ester)
Mixed. Granular
subcellular
ﬂuorescence.
[68]
CaSiR-1
(Si-rhod)
647
(650)
664 n.d.
(0.2)
0.58 N1000 Lysosomes AM-ester available, spontaneous and
evoked Ca2+ signals in hippocampal
neurons [64]
Calcium Rubies (functionalized X-rhods)
CaRuby-Me 586 604 100,000 0.004
(0.58)
3.4 62.5 6.27 0.22
(3.66)
985 (s)
1041 (e)
Mitochondria,
cytoplasmd
Dextran-conjugate available, targetable
via click chemistry, validated in astrocytes
[41]
CaRuby-F-N3 586 604 0.007
(0.57)
6.2 49.7 6.18 0.23
(3.74)
989 (s)
1045 (e)
Mitochondria,
cytoplasmd
Dextran-conjugate available, targetable
via click chemistry [41],
CaRuby-Cl-N 586 604 0.007
(0.55)
21.6 51.9 6.22 0.16f
(3.61)
1005 (s)
1061 (e)
Mitochondria,
cytoplasmd
Dextran-conjugate available, targetable
via click chemistry, glycinergic neuronal
culture and acute slice (patch clamp),
chromafﬁn cells (patch) and astrocytes
(spontaneous uptake) [38,40,41]
CaRuby-Nano 586 604 0.009
(0.45)
0.2 50 ± 2 n.d. 987 (s)
1043 (e)
Mitochondria,
cytoplasmd
Dextran-conjugate available, targetable
via click chemistry, AM-ester available. PF
stimulation in cerebellar slice afterwhole-
cell patch loading; AM-ester bulk loading
in the cerebellum in vivowith the green-
ﬂuorescent iGluSnFR; 6 kDa-dextran-
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assisted loading to olfactory sensory ter-
minals in EYFP-expressing mice [101]
Calcium Orange 549 576 80,000 n.d. 0.185 1.6 1087.3
(salt)
[68,4]
BODIPY
Compound 5 555 568 0.175 22
Compound 6 586 598 0.19 14
Compound 7 580 595 0.19 13
BOCA-1 521
(522)
537
(536)
0.001
(0.26)
0.3 250 Cytoplasm No functional AM ester [112]
BOCA-1-BG 522
(523)
532
(535)
0.001
(0.22)
0.21 200
BOCA-1-SNAP 527
(529)
537
(539)
0.002
(0.39)
0.2 180 Targetable ATP-stimulation of CHO cells with cyto-
solic and nuclear targeted BOCA-1-SNAP
[114]
KFCA 635 670
(660)
180,000 0.002
(0.24)
0.5 120
(~2.5)
Cytoplasm (?) ATP-stimulation of HeLa cells; dual color
imaging with DsRed2 or ﬂuo4. Compati-
ble Cy5 optics [114]
Other ﬂuorophores
Fura-redg
(benzofuran)
458/488 597
(597)
43,000 (0.013) 0.14 3.8 809
(salt)
1089
(ester)
AM ester available
STDBTg
(benzothiazolium
hemcyanine)
405/546 600
(580)
1320 48 Nucleus AM-ester available, to the best of our
knowledge no published follow-up [180]
ICPBC
(imminocoumarin)
7.7 0.3 AM-ester available, detection of fast
spontaneous Ca2+ spikes in HepG2 cells.
To the best of our knowledge no pub-
lished follow-up [105]
ICPBN 18 0.24 [105]
Fluorescein
Asante-CaRed-1
(ACR-1)
488 (ratio)
540
(single)
525/
650
650
50,000 0.49
(0.53
in
1 mM
Mg2+)
35–45
(540 nm)
25–30
(480 nm)
15–25
(450 nm)
6.2–6.4
depending
on λex
0.0004 (Zn)
5000 (Mg)
Co2+ (Q)
Mn2+ (Q)
1,000
(salt)
1200
(ester)
Cytoplasm? ‘Quasistable’ at 525 nm (ΔF/F0,max =
1.5–2) upon 480-nm excitation. AM-
ester available, but low efﬁciency. Vali-
dated in hippocampal primary neuronal
culture as well as other cells [66]. Near-
membrane targeted version available.
CaTM-1
(TokyoMangenta)
585c
(585)
603
(603)
0.066
(0.37)
0.38 5.6 6.9 [65]
CaTM-2 597
(597)
603
(603)
0.024
(0.39)
0.20 16 5.1 Cytoplasm AM-ester available; HeLa, COS7, CHO-k1,
HEK293 cells; requires pluronic F-127
[65]
OXD-BAPTA
(oxadiazole)
380
(350)
582
(490)
44,600 0.022
(0.017)
0.56 ± 0.08 1.16
(1.15)
4350 ± 75
(Mg)
790
(salt)
878
(ester)
Isoemissive point at 518 nm, AM-ester
available. Penicillin-Na-induced cytoplas-
mic Ca2+ transient in HUVEC cells [107]
STDBT 546
(405)
600
(580)
1320 Cytoplasm,
accumulation of AM-
ester in nuclear com-
partment compared to
ﬂuo-3 AM.
Isobestic point at 414 nm, AM-ester
available [180]
Empty entry: value not available. n.d. — not determined.
a Values compiled from the cited references and, unless otherwise stated, measured in ‘standard conditions’: 100 mM KCl, 30 mMMOPS, pH 7.2 and 22 °C.
b In the absence of Mg2+. The exact KD(Ca2+) value is quite sensitive to the local dye environment, including temperature, pH, and ionic strength. Although the conditions chosen to measure KD are chosen to approximate the cell interior, protein
and lipid interactions commonly result in higher intracellular KD values.
c Ca2+-free (Ca2+-bound).
d Dextran-conjugate.
e With a normalized pre-exponential factor of 78% at pH 7.0.
f A larger number of exponentials was found by P. Plaza and MM. Martin, see [75] but this may have resulted from the incomplete puriﬁcation of an earlier batch of Calcium Ruby-Cl. All data reported now is from HPCL-puriﬁed lots.
g Ratiometric.
2291
M
.O
heim
etal./Biochim
ica
etBiophysica
A
cta
1843
(2014)
2284
–2306
2292 M. Oheim et al. / Biochimica et Biophysica Acta 1843 (2014) 2284–2306and a very large Stokes' shift (λem,max= 597 nm), its brightness (εΦF) is
almost the same for the Ca2+-free and -bound forms and the DR hence
small. More common, therefore, is the single-wavelength excitation of
fura-red (typically with the widely available 488-nm Ar+ line) and
dual-color emission imaging in the presence of other green-emitting
ﬂuorophores, which can be simultaneously excited at 488 nm. A partic-
ular place holds fura-red imaging in cells co-loaded with ﬂuo-3 to ex-
tend the dynamic range of Ca2+ measurements [57]. While the long-
wavelength of fura-red emission allows imaging without interference
from hemoglobin and myoglobin, its low ﬂuorescence quantum yield
(ΦF = 0.013 for the Ca2+-bound form) prescribes high indicator con-
centrations (introducing a large κ) or call for impractically high laser
powers. Upon 488-nm excitation fura-red has a high basal ﬂuorescence
F0, and its ﬂuorescence decreases upon Ca2+ binding, thus producing
small ΔF/F0 values compared to other chemical Ca2+ indicators that
have low F0 and positive excursions from baseline. Subsequent to a pes-
simistic evaluation of its separability from EGFP [39] fura-red has only
rarely been used together with EGFP detection [58–61]. Nevertheless,
with its 488-nm excitation and broad and long-wavelength emission
it occupies quite a unique place. This might be reason why the indicator
continues to be available from Invitrogen (previously Molecular Probes,
Eugene, OR).
2.1.2. Fluorescein-based long-wavelength emitting Ca2+ indicators
2.1.2.1. CaTM-1 and CaTM-2. The spectra of pyronine dyes can be red-
shifted by almost 100 nm by substituting an oxygen against a silicon
atom [62]. Using a similar strategy, Egawa and co-workers generated
the silicon-substituted ﬂuorescein analogs TokyoMagenta (TM) [63]
and dichloro-TM (DCTM). Combining, respectively, a 2-Me-substituted
TM and DCTM with BAPTA,8 Ca-TM-1 and Ca-TM-2 have absorption
and emission wavelengths 90 nm longer than those of ﬂuorescein [65]
with a peak emission slightly above 600 nm. CaTM-1 displays a DR of
5–6 upon Ca2+ binding and this value is improved in CaTM-2 to 16 as
a result of the chlorination of the ﬂuorophore and the consequently
decreased HOMO level and larger PET quenching. Both dyes are purely
intensometric. They have pKas of 6.9 and 5.1, respectively, the lower
pKa of CaTM-2 again resulting from the electron-withdrawing effect of
the chlorine. AM esters have been synthesized and are reported to dis-
tribute uniformly in cytoplasm when loaded to HeLa cells, particularly
when compared to rhod-2 under identical conditions. The supplier,
Goryo Chemical (Kita-ku, Sapporo, Japan), claims a similarly even distri-
bution in other cell types (COS7, A549, CHO-k1, HEL293). The direct
comparison of Ca2+ transients triggered by histamine application in
HeLa cells and detectedwith CaTM-2 and rhod-2, however, also revealed
the ~10-fold inferior DR of CaTM-2 AM in situ [65]. This was not due to
theKD(Ca2+) that are 380 and 200 nM for Ca-TM-1 and Ca-TM-2, respec-
tively. Only CaTM-2 and its AM-ester are commercially available from
Goryo Chemical (Kita-ku, Sapporo, Japan, http://goryochemical/com/
english).
2.1.2.2. Asante Calcium Red ACR-1, ACR-1-LA and ACR-1-LR. Coupling
BAPTA to seminaphtoﬂuorescein (an ‘extended ﬂuorescein’ variant)
produces a visible-light excited long-wavelength emitting Ca2+ indicator
that has a Ca2+-dependent extinction near 488 nm and ﬂuorescence
emissionwith peaks at 650 and525 nm. Because the largest ﬂuorescence
change occurs at long wavelengths while the green emission is virtually
Ca2+-independent, ACR-1 allows emission ratiometry. Alternatively,
upon excitation at 540 nm, ACR can be used as a single-wavelength
non-ratiometric Ca2+ indicator with a Ca2+-dependent red ﬂuorescence8 Confusingly, the authors did not employ the same nomenclature than that used for a
Si-substituted rhodamine coupled to a BAPTA, CaSiR-1 [64] T. Egawa, K. Hanaoka, Y. Koide,
S. Ujita, N. Takahashi, Y. Ikegaya, et al., “Development of a far-red to near-infrared ﬂuores-
cence probe for calcium ion and its application to multicolor neuronal imaging,” J. Am.
Chem. Soc., vol. 133, pp. 14157–14159, 2011. In fact, CaTM-1 is a CaSiF(luorescein).peaking at 650 nm. The high and low-afﬁnity variants have KD(Ca2+)s of
490 nM and 6.6 μM, respectively, and a pKa around 6.3, the exact value
of which seems to depend on the excitation wavelength [66]. ‘Leakage-
resistant’ (LR) and membrane-targeted variants have been described.
To the best of our knowledge, no independent uses have been published
to date for these recent indicators. All ACR variants are distributed via
TEF-labs (Austin, TX).
2.1.3. Rhodamine-based long-wavelength emitting Ca2+ indicators
Rhodamines combine high absorbance, moderate ΦF and high
photostability with negligible spectral overlap with FITC, Alexa488,
EGFP and even EYFP, making them attractive candidates for dual-color
imaging with green-emitting ﬂuorophores. Rhodamine-based Ca2+ in-
dicators often display dynamic ranges upon Ca2+ binding (DR) in excess
of 100 in vitro, but these DRs are also often dramatically lower once they
are located in the chemical microenvironment of the cell. The reasons
for this are not entirely clear, but one can invoke their net positive charge
and lipophilicity, leading to subcellular compartmentalizationmost likely
viamitochondrial-membrane potential driven uptake [67]. Uptake into
negatively charged mitochondria increases the basal indicator ﬂuores-
cence F0, reduces dynamic range and upon illumination ultimately leads
to mitochondrial stress and cell death.
2.1.3.1. Calcium Orange. This N,N-dimethyl rhodamine with a thiourea
bridge between the ﬂuorophore and the BAPTA moiety is a variant of
Calcium Green-1 (CaG-1) with absorption and emission peaks at 549/
576 nm, respectively, and a KD(Ca2+) close to CaG-1 (0.19 μM) [68].
Cytoplasmic and nuclear afﬁnities larger than 1 μMhave been reported,
alongwith a reduced DR of ~2 and a strong propensity to compartmen-
talize [4]. Loading Calcium Orange AM to cells in acute slices is reputed
difﬁcult if not impossible [5]. Despite this overall relatively poor per-
formance, there has been a renewed interest in Calcium Orange for
experiments combining Ca2+ imaging and optogenetics, because it
is less excited (b5% of peak absorbance) by blue-light activation of
channelrhodopsin-2 (ChR2) than typical green-emitting Ca2+ indi-
cators [47,48]. These studies in fact build on earlier experiments
using Calcium Orange to image [Ca2+]i changes while minimally excit-
ing the photoreceptor cells inﬂies expressing aUV-speciﬁc rhodopsin in
place of the normal rhodopsin, so that long-wavelength excitation of
Calcium Orange could be used to avoid photoreceptor activation [69].
An advantage or Calcium Orange is its high resistance against
photobleaching compared to most other Ca2+ indicator dyes [4]. Over
its 20 years of existence, Calcium Orange has been used in not more
than ~50 published studies, nevertheless its compatibility with 543-
nm diode-laser excitation and yellow/orange emission give it a quite
unique place, so that the dye continues to be available from Invitrogen.
Rhod-2 with ﬂuorescence excitation and emission maxima at 552/
581 nm, respectively, was introduced in the late eighties [52]. It is
arguably the most popular red-emitting Ca2+ indicator. The original
Minta work reported a KD(Ca2+) of 1 μM, probably due to purity issues,
but the supplier now consistently reports a value of ~570 nM. Thus,
rhod-2 covers the low nM to low μM range of [Ca2+] probed by many
biological experiments. In addition to Ca2+, rhod-2 is fairly responsive
to Mg2+, Ba2+, Mn2+ as well as Zn2+, Cd2+ and Pb2+, and it is
quenched by Cu2+ and to a lesser degree by Co2+ and Ni2+. As many
rhodamine dyes, the ﬂuorescence excitation spectrum of rhod-2 has a
shoulder around 470–480 nm, allowing off-peak excitation at 488 nm
with about half-maximal efﬁciency (but also resulting in ameasureable
cross-excitationwith EGFP orﬂuorescein-typedyes).With a Ca2+-inde-
pendent molar extinction around 105 M−1 cm−1 and a ΦF of 0.03 and
0.1 for theCa2+-free and bound forms, respectively, rhod-2 has a similar
brightness as ﬂuo-3, but a reduced dynamic range.
Rhod-2 AM is moderately ﬂuorescent in live cells upon esterase hy-
drolysis, and it displays fairly small intracellular Ca2+ responses where
its large DR in vitro (N100) reduces to values ~15 [70]. Perhaps, this is
because Rhod-2 is cationic, resulting in its potential-driven uptake
Table 2
Properties of available red-emitting GECIs.
GECI λex,max
(nm)a
λem,max
(nm)
ε
(M−1 cm−1)
ΦF B
(mM−1 cm−1)
KD(Ca2+)
(μM)b
na kon
(M−ns−1)
τoffc
(ms)
ΔF/F0,max
(DRc)
pKa τ
(ns)
σ2PEF
(GM)
References
GCaMP-based
R-GECO1 561 600
(589)
0.48 1.6 752 14.2 [146]
16 [49]
8.9
(6.6)
n.d. [147]
O-GECO1 545
(543)
570
(565)
1400
(65,000)
0.07
(0.22)
0.098
(14.3)
1.34 2.04 3.19 × 1011 146 9.44
(6.07)
n.d. 85
(@1048 nm)
[49]
R-GECO1.2 564
(556)
595
(585)
2800
(52,000)
0.16
(0.29)
0.45
(15.1)
0.78 2.3 4.2 × 1013 33 8.93
(5.99)
n.d. [49]
CAR-GECO1 5656
(560)
620
(609)
2500
(36,000)
0.11
(0.21)
0.28
(7.6)
0.55 1.76 3.19 × 1013 27 9.05
(5.74)
n.d. 45
(@1052 nm)
[49]
R-CaMP1.7 562 584 0.15 ? 3.76 × 1010 920 20.3
28.7
? n.d. [156]
n.d. — not determined.
a Hill coefﬁcient for Ca2+ binding.
b In vitro.
c τoff = 1 / koff.
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viewed at sufﬁciently high resolution (a fact thatmight have passed un-
perceived in ﬂow cytometry or low-magniﬁcation imaging at low NA).
The granular ﬂuorescence pattern has led to the use of rhod-2 as an in-
dicator for mitochondrial Ca2+ [70–73], however, the assumption of a
selectively mitochondrially-derived signal on which this data interpre-
tation is based is not universally supported, and mitochondrial rhod-2
uptake may vary according to the cell type and time after dye loading
[74]. For all practical reasons, it therefore seems safe to say that rhod-
2 (and evenmore rhod-2 AM) report mixed signals from both cytoplas-
mic and mitochondrial (and probably other) compartments.
Lower-afﬁnity rhod dyes exist, including rhod-5N, which is based on
a 5N-BAPTA ionophore and exhibits a stronger afﬁnity for Mg2+ than
for Ca2+ binding and an almost as high KD for Pb2+ [75]. The dextran
conjugates of these rhod indicators are less accumulated into organelles
and do not leak out of cells, making themmore suitable for long-period
Ca2+ measurements. To improve subcellular localization, the cell-
permeant AM ester derivative of rhod-2 (see below) can be reduced
to the colorless, nonﬂuorescent dihydrorhod-2 AM, improving the dis-
crimination between cytosolic and mitochondrial signals [72]. The AM
ester of dihydrorhod-2 exhibits Ca2+-dependent ﬂuorescence only
after it is oxidized and the esters are cleaved to yield the rhod-2 indi-
cator, processes that occur rapidly in the mitochondrial environment. A
protocol is available online http://tools.lifetechnologies.com/content/sfs/
manuals/x01244.pdf. Rhod-indicators are distributed from Invitrogen
and TEFLabs.
Rhod-3 [76] is a recent 555/580-nm emitting Ca2+ indicator de-
signed to display a more uniform cytosolic distribution over its parent
compound Rhod-2. Imaging studies with the rhod-3 AM showminimal
sub-cellular compartmentation in the presence of PowerLoad® concen-
trate (a surfactant polyol that aids the solubilization of water-insoluble
dyes) and of probenecid, an inhibitor of the organic-anion transporter
(OAT) [77] and also a blocker of pannexin hemichannels [78], pointing
towards an involvement of OATs and Panx1 in rhodamine leakage
from the cytoplasm. With a KD(Ca2+) of 380 nM, Rhod-3 is reported
to exhibit a DR N2.5 and low basal ﬂuorescence. There are, at present,
a small but growing number of reports using this new rhodamine-
based Ca2+ indicator [79–83] compatible, like rhod-2, with standard
TRITC optics. The indicator is available as part of a Ca2+-measurement
kit from Invitrogen.
Quest rhod-4 is a recent yellow-emitting (λabs,max/λem,max = 530/
555 nm) rhodol dye incorporating a BAPTA that has been developed
to provide an alternative to the poor rhod-2 cell loading and DR, and
to offer a more efﬁcient 488-nm excitation. Rhodols are a structural
hybrid between ﬂuorescein and rhodamine, producing a Ca2+ indicator
being more photostable and less sensitive to pH changes in the phys-
iological range than ﬂuorescein derivatives but not quite as pHinsensitive as rhodamines. The amine substituent reduces the pKa
value. Derivatives exhibit absorption and emission spectra similar
to those of tetramethylrhodamine (TMR) analogs but with higher
quantum yields (typically around 0.8–0.9) in aqueous solution [84].
In HEK293 cell cultures, the detection of carbachol-evoked Ca2+
transients was reported to be ten times more sensitive with Quest
Rhod-4 AM than with rhod-2. Quest rhod-4 is also claimed to re-
spond faster than rhod-2. Its supplier, AAT Bioquest at Sunnyvale,
CA ﬁnds a four-times greater brightness for Quest rhod-4 compared
to rhod-2 when loaded in identical condition in a human osteosarco-
ma cell line (U2OS, formerly known as T2). To date, a poster presen-
tation by the supplier http://aatbio.com/protocol/SP08043A.pdf and a
couple of independent accounts [85–87] are published, and it will be in-
teresting to follow up the literature to see how this probe will perform
across a wider range of cell types, experiments and experimental
conditions.
2.1.3.2. Si-rhodamines. Silicon containing-rhodamines (SiRs) [88,89] are
a novel class of long-wavelength emitting ﬂuorophore that are in-
creasingly being utilized as a platform to construct various ion sen-
sors [90,91] as well as super-resolution microscopy [92]. SiRs
ﬂuoresce in the far-red to NIR range of the spectrum. They retain
many of the advantages of the original rhodamines, including a high
ΦF, resistance to photobleaching, and good water solubility. Calcium-
SiR650, now known as CaSiR-1 [64], is a NIR-ﬂuorescent Ca2+ probe
having excitation/emission maxima at 664/681 nm, respectively. Its
exceptionally high DR N1000 in vitro, the KD(Ca2+) of 580 nM and a
ΦF of 0.2 allowed Ca2+ signals evoked by single APs to be recorded
(ΔF/F0 N 5%) in neurons following whole-cell patch-clamp loading
of CaSIR-1. An AM-ester is available. Triple-color imaging with
CaSiR-1 excitation at 633 nm, together with EGFP and SR101 (used
here as a red-ﬂuorescent astrocyte marker [93]), allowed the detec-
tion of neuronal Ca2+ signals evoked by electrical stimulation of
Schaffer collaterals in bulk-loaded hippocampal slices of Thy1-GFP
mice [64]. A potential handicap of CaSiR-1 is its prominent lysosomal
accumulation [65]. The dye is commercially available from Goryo
Chemical.
Finally, a spironolactone rhodamine-based photochromic probe that
can reversibly bind and release Ca2+ in response to light (unlike that
caged Ca2+ compounds or caged chelators that respectively irreversibly
release or bind Ca2+) has been introduced [94]. This photoreversible
Ca2+ chelator uses a reversible modulation of the electron density of
the BAPTA moiety to release or bind Ca2+ without steric disruption of
the binding site. This, analogous to the electron-withdrawing or donat-
ing substitutions on the benzene decreases or increases the KD(Ca2+),
respectively. The photoinduced ring-opening reaction generates the
rhodamine chromophore, which signiﬁcantly decreases the electron
Table 3
Estimation of spectral speciﬁcity Xijk for sequential dual-excitation dual-emission (two-cube) measurements.
Single ACR BODIPY BOCA-1 Ca-TM1 Ca-TM2 CaCrimson CaSiR-1 Fura-red ICPBC KFCA OXD Rhod-2 Rhod-4 R-GECO-1 RCaMP1f X-Rhod-1 CaRuby
E111 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44 27,44
E121 0 2,9 2,44 0 0 0 0 0,49 1,17 0 0,36 0,04 4,82 0 0,06 0 0,04
E212 0 0 0 0 0 0 0 3,2 3,47 0 1,13 0 0 0 0 0 0
E222 38,76 9,32 6,24 17,43 14,7 13,13 23,86 9,07 33,37 15,1 58,05 15,34 14,74 50,75 11,03 19,15 21,43
X111 1 0,904 0,92 1 1 1 1 0,98 0,96 1 0,99 1 0,85 1 1 1 1
X121 0 0,096 0,08 0 0 0 0 0,02 0,04 0 0,01 0 0,15 0 0 0 0
X212 0 0 0 0 0 0 0 0,26 0,09 0 0,02 0 0 0 0 0 0
X222 1 1 1 1 1 1 1 0,74 0,91 1 0,98 1 1 1 1 1 1
Laser line
(nm)
543 532 561 561 561 632 488 488 632 380 532 532 561 543 561 561
Excitation
ﬁlter
ET545_30x ZET532_10x ZET561_10x ZET561_10x ZET561_10x HC632_22 ZET488_10x ZET488_10x HC632_22 HC380_14 ZET532_10x ZET532_10x ZET561_10x ET545_30x ZET561_10x ZET561_10x
Dichroic ET620_60m ZT532rdc ZT561rdc ZT561rdc ZT561rdc 635LP ZT488rdc ZT488rdc 635LP HC409LP ZT532rdc ZT532rdc ZT561rdc ET620_60m ZT561rdc ZT561rdc
Emission
ﬁlter
T570lp ET590_50m ET630_75m ET630_75m ET630_75m 685_80 HC650_150 TP607_80 685_80 HC590_104 ET590_50m ET590_50m ET630_75m T570lp ET630_75m ET630_75m
Notes No signiﬁcant absorption at any other wavelength, emission only available at N650 nm
458 nm excitation would be better, but apparently not many confocal systems have such a laser
Emission is very red-tailed
No signiﬁcant absorption at any other wavelength, emission only available at N650 nm
According to literature, absorption as to be in UV and even ratiometric
543 has lower excitation efﬁciency,
but better emission detection than
the 561 cube
Table 4
Estimation of spectral speciﬁcity Xijk for single-excitation dual-emission (dual band-pass) measurements.
Ca indicator ACR Bodipy BOCA-1 Ca-TM1 Ca-TM2 CaCrimson CaSiR-1 FuraRed ICPBC KFCA OXD Rhod2 Rhod4 R-GECO-1 RCaMP1f XRhod1 CaRuby
Dual-band cubes EGFP+ TxRed TRITC TRITC TxRed TxRed TxRed TxRed TxRed TxRed TxRed DAPI + FITC + TRITC TRITC TRITC TxRed TRITC TxRed TxRed
E111 20,56 19,65 19,65 20,56 20,56 20,56 20,56 20,56 20,56 20,56 19,07 19,65 19,65 20,56 19,65 20,56 20,56
E121 17,99 1,94 1,23 5,48 4,91 0,4 0 3,87 18,35 0 0,53 2,53 5,14 6,17 2,12 0,89 1,53
E212 0 0 0 0 0 0 0 20,56 0 0 2,95 0 0 0 0 0 0
E222 34,18 2,29 2,36 14,97 13,41 10,41 0,36 3,87 8,98 0,91 30,68 12,63 3,29 45,36 6,23 14,1 15,03
X111 0,53 0,91 0,94 0,79 0,81 0,98 1 0,84 0,53 1 0,97 0,89 0,79 0,77 0,9 0,96 0,93
X121 0,47 0,09 0,06 0,21 0,19 0,02 0 0,16 0,47 0 0,03 0,11 0,21 0,23 0,1 0,04 0,07
X212 0 0 0 0 0 0 0 0,84 0 0 0,09 0 0 0 0 0 0
X222 1 1 1 1 1 1 1 0,16 1 1 0,91 1 1 1 1 1 1
Laser excitation (nm) 561 543 561 561 561 561 561 561 561 405 543 543 561 543 561 561
Excitation ﬁlter 59022x 59004x 59022x 59022x 59022x 59022x 59022x 59022x 59022x 69000x 59004x 59004x 59022x 59004x 59022x 59022x
Dichroic 59022bs 59004bs 59022bs 59022bs 59022bs 59022bs 59022bs 59022bs 59022bs 69000bs 59004bs 59004bs 59022bs 59004bs 59022bs 59022bs
Emission ﬁlter 59022m 59004m 59022m 59022m 59022m 59022m 59022m 59022m 59022m 69000m 59004m 59004m 59022m 59004m 59022m 59022m
Notes Very very low excitation and emission efﬁciency
Low excitation efﬁciency
Off-peak excitation, but should be feasible
Low emission efﬁciency
It's not exactly a double, but triple band cube, yet it's a popular one
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ity (from 509 nM to 181 μM)with excellent Ca2+/Mg2+ selectivity (the
KD(Mg2+) only changes from 19mM to 14 mM) The open form reverts
back thermally and the process can be repeated over several cycles.
Spirolactonized Si-rhodamine was prepared as a platform to construct
Si-rhodamine-based probes [95]. For excitable cells, one concern may
by that there is some evidence that spironolactones block voltage-
gated Ca2+ channels [96].
2.1.4. Extended rhodamine (X-rhod)-based Ca2+ indicators
Among the long-wavelength Ca2+ indicators available, the
X-Rhod family and Calcium Crimson result from an expansion of
the rhodamine chromophore into a seven-ring system of a Texas
Red®-type ﬂuorophore. Due to their red-shifted excitation and
emission compared to classical rhodamine dyes, these indicators
display negligible spectral overlap with EGFP and cellular autoﬂuo-
rescence. In spite of these advantageous spectral properties, many
of these dyes are not widely being used, either due to their intra-
cellular compartmentalization, small absorption cross-sections, in-
appropriate KD(Ca2+) value, or because they are simply no longer
commercialized.
2.1.4.1. Calcium Crimson. Based on the Texas-Red ﬂuorophore, this ana-
log of Calcium Orange excites and emits at 590/615 nm [68], and it
shares with Calcium Orange the high KD(Ca2+) and low dynamic
range [5]. As many extended rhodamines, Calcium Crimson is sticky
and non-speciﬁc binding,mitochondrial accumulation and poor loading
in acute slice have been reported [97]. CalciumCrimson is still distribut-
ed by Invitrogen, but, due to its very limited use in some ten publica-
tions, it is of no practical importance.
2.1.4.2. X-rhod-1. Temporarily retracted from the market, Invitrogen
now again offers a whole family of substituted-BAPTA derived X-rhod
indicators, the most widely used is X-rhod-1 (and its AM-ester) having
a KD(Ca2+) of 700 nM and a peak absorbance (ε= 68,000 M−1 cm−1)
at 576 nm. The indicator displays a slight and almost unperceptible shift
in emission upon Ca2+ binding, from 580 for the Ca2+-free to 602 nm
for the Ca2+-bound form [98]. Combining 385-nm photoactivation of
a Ca2+-permeable light-gated ionotropic glutamate receptor 6 (LiGluR)
and evanescent-ﬁeld Ca2+ imaging using X-rhod-1 AM Li et al. explored
the cellularmechanismof gliotransmitter released from astrocytes in an
all-optical manner [99]. Because in these experiments GFP was co-
transfected to identify LiGluR-positive cells, amixed sequential/simulta-
neous triple-color scheme [100]was used for combined photoactivation
and EGFP/X-rhod-1 imaging. Like rhod-2, X-rhod-1 and its derivatives
all exhibit large DR upon Ca2+ binding. Similar to rhod-2, substituted
extended rhodamines (X-rhod-5F, -FF, and -5N) having KD(Ca2+)s of
1.6, 17 and 350 μM in vitro, respectively, and spectral properties very
close to X-rhod-1 are available from Invitrogen.
2.1.4.3. Calcium Rubies. Problems of subcellular compartmentalization
are to a large extent abolished with the new Calcium Rubies, a family
of red-ﬂuorescent Ca2+ indicators that, similar to X-rhods (but unlike
Calcium Crimson) incorporate the BAPTA into the extended rhodamine.
Introduced in 2007 ﬁrst as low-afﬁnity chloride-Calcium Ruby [38] and
then as a dextran-conjugate favoring its cytoplasmic retention [40] the
Calcium Ruby family now spans the entire range of KD(Ca2+) from
~0.3 to 20 μM, offering a versatile toolbox of functionalizable red-
emitting Ca2+ indicators [41]. These indicators have in common, (i) a
linker arm terminated by an azide function and allowing further
functionalization, either via click chemistry or, after reducing it to an
amine, for coupling with a carboxylic acid; (ii) the lack of cross-talk
with EGFP [40] and their compatibility with standard Texas Red optics;
(iii) low divalent-cation sensitivity and a pKa removed from physiolog-
ical pH variations; (iv) efﬁcient two-photon excitation ﬂuorescence
(2PEF) with a peak around 900 nm, compatible with simultaneousEGFP/EYFP two-photon excitation; and (v) a ten-fold increase in the
average ﬂuorescence lifetime upon Ca2+ chelation that can be used for
quantitative 2PEF Ca2+ measurements [41]. All Calcium Rubies were
shown towork well together with EGFP andmTFP in experiments com-
bining UV-ﬂash photolysis and dual-color imaging [40] and validated in
multi-color optogenetic protocols combining blue-light activation and
red/green dual-color detection. Using dual-color TIRF excitation at 488
and 568 nm and dual-color emission detection, Ca2+ transients evoked
by blue light (458 nm, 5 s, 13.6 mW/mm2) were detected in astrocytes
expressing the light-gated Ca2+-translocating CatCh-YFP and loaded
with CaRuby-Me (5 μM, 10 min) [41].
We noted that Calcium Rubies were spontaneously taken up by
mouse cultured astrocytes, but this behaviour was not reproduced for
astrocytes in acute brain slices [41], where a more complex unspeciﬁc
staining pattern was observedwith a subset of perivascular cells bright-
ly labeled. The absence of a speciﬁc CalciumRuby labeling in situmay re-
ﬂect the involvement of a speciﬁc, transporter-mediated dye uptake, as
proposed for the structurally related sulforhodamine 101 ﬂuorophore
[103], a popular marker for identifying astrocytes in situ [93]. Finally,
AM-ester forms of all CalciumRubies can be synthetizedwith the carbox-
ylic radicals protected, the resulting esters still bear a positive charge, and,
like their X-rhod counterparts, are somewhat less membrane-permeant
than the electroneutral ﬂuorescein AM-esters.
2.1.4.4. Calcium Ruby-Nano. The continuing demand for high-afﬁnity
and high signal-to-noise Ca2+ red-emitting probes prompted the devel-
opment of Calcium Ruby-Nano, a new functionalizable red Ca2+ indica-
tor with nanomolar afﬁnity for detecting small excursions from resting
[Ca2+]i. To avoid the subcellular compartmentalization common for
rhodamine-based probes, Calcium Ruby-Nano 1.6- and 6-kDa dextran
conjugates were generated by click chemistry. An AM-ester was
synthetized, too. The new indicator was validated in vitro and in vivo
in a variety of neurobiological applications [101,102]. To produce a
high-afﬁnity CaRuby, three modiﬁcations were carried out on the
ﬁrst-generation CaRubies, Scheme 5. First, an oxygen atom (red)was in-
troduced on one of the BAPTA cycles (green) to enrich electronically the
BAPTAmore than the earliermethyl. This oxygen atomalso served as an
anchor for the linker arm (orange) also present on the other CaRubies.
Finally, the ﬂuorophore moiety, again an extended rhodamine (blue),
which is positively charged and therefore has an electron withdrawing
effect, was moved from the para position of the aniline to the meta
position. Together, these modiﬁcations produced a water-soluble Ca2+
indicator with a KD(Ca2+) of 258 ± 8 nM, the highest afﬁnity among
the currently available CaRubies and a ΦF of 0.45 when bound to Ca2+.
The spectral and photophysical properties (λem, λabs, DR, ε,…) of Calcium
Ruby-Nano are otherwise identical to that of the earlier Calcium Rubies.
Calcium Ruby-Nano is patented [102] but it is not yet commercialized.
(See Scheme 4.)
2.1.5. ICPBC
Resulting from a structural expansion of an iminocoumarin (see
[104] for a recent review) via substitution of a nitrogen atom and incor-
poration of BAPTA, the two red-emitting low-afﬁnity Ca2+ indicators,
ICPBC and its N-dodecyl analog ICPBN have a KD(Ca2+) of 7.7 and
18.0 μM, respectively [105]. As in the case of ﬂuorescein (ACR-1) and
rhodamine (X-rhod, Calcium Crimson, Calcium Ruby), the extended
conjugation of these probes shifts the excitation and emission wave-
lengths (peaking at ~580 nm) to the visible wavelength region, a
clear advantage over their pre-cursor BIIC [106]. Excitation spectra are
broad from 450 to 600 nm with a maximum near 550 (485) nm for
the free (bound) forms and an isobestic point near 520 nm. The major
drawback of this new ratiometric Ca2+ probe is that both excitation
and emission are only weakly Ca2+-dependent, leading to a modest
~25–30% Ca2+-dependent ﬂuorescence increase in vitro upon a
485-nm excitation. There are, to the best of our knowledge, no follow-
up reports using ICPBC.
Scheme 4. Chemical structures of the red-emitting small-molecule chemical Ca2+ indicators discussed in this review. Of note, all these recent indicators incorporate BAPTA as a Ca2+
chelating group (top left). Structural information was neither available for Quest rhod-4 (a rhodol dye that is incorporated with a BAPTA), nor for rhod-3. See Table 1 for details.
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Based on a 1,3,4-oxadiazole (OXD)-based ﬂuorophore (2-
(ethoxyphenyl)-5-(4-methylphenyl)-1,3,4-oxadiazole) and BAPTA as
a Ca2+ chelator, OXD-BAPTA is a recent visible-light excitation- and
emission-ratiometric indicator that ﬂuoresces orange and green in the
absence and presence of Ca2+, respectively. Compared to the older
Indo emission ratiometric indicators [1], OXD-BAPTA has a larger Stokes
shift of 202 nm, but it is not clear if this can be used to an advantage
because this value strictly applies only for the Ca2+-free form and
uponUV excitation. Both the isobestic point (~340 nm) and absorbance
peak (380 nm) are in the UV, but blue-light excitation with the 458-nm
Ar+ line and 490/582-nm ratiometric emission has been reported [107].
The same publication contains a fairly complete characterization of the
physico-chemical properties of this indicator (see Table 1). With values
around 0.02 in water for both the Ca2+-bound and free form, ΦF ispretty low, and off-peak excitation in the visible will further reduce its
brightness. From a practical standpoint, similar to fura-red, Ca2+ bind-
ing produces a drop in red ﬂuorescence (plus a smaller increase in tur-
quoise/green ﬂuorescence centered at 490 nm). As an interesting aside,
OXD-BAPTA responds to Mg2+ binding as a purely intensometric
indicator (KD(Mg2+) ~ 4.35 mM). None of the metal ions act as a full
quencher in the presence of Ca2+. The probe does not seem to be
commercialized.2.1.7. STDBT
Consisting of two benzothiazolium hemicyanine dyes and a BAPTA-
derivative as a Ca2+-bindingmoiety, STDBT is a visible-light excitation-
ratiometric (405/546 nm) and orange/red-emitting (~600 nm) ﬂuores-
cent probe [180]. Like for OXD-BAPTA, there is an ~20-nm hypsochromic
Scheme 5. Comparison of ﬁrst generation CaRubies [38,40,41] with CaRuby-Nano [101,102]. CaRubies are composed of a BAPTA chelating moiety (green), an extended rhodamine
ﬂuorophore (blue), substitutions on the BAPTA tune the KD(Ca2+) (red), and a functionalizable linker arm (orange) allows dextran coupling, intracellular targeting or conjugation to
other ﬂuorophores or nanoparticles.
2297M. Oheim et al. / Biochimica et Biophysica Acta 1843 (2014) 2284–2306upon Ca2+ binding,which is associatedwith an ~50-fold increase inﬂuo-
rescence emission. However, with an afﬁnity of 1.32 mM, STDBT is more
adapted for extra- rather than intracellular Ca2+ measurements and the
authors only reported ﬂuorescence changes after membrane perme-
abilization with a Ca2+ ionophore in the presence of mM extracellular
Ca2+. No further uses of STDBT have been reported.
2.1.8. BODIPY
2.1.8.1. BODIPY-BAPTA (compounds 4, 5, 6, 7 and 8 from Ref. [108]).
Attachment of the BAPTA to the C8-position of BODIPY molecules via a
3-propionamide side chain results in strongPETﬂuorescence quenching
that is relieved by Ca2+ binding [109–111]. Using this principle, Gee
et al. generated a family of BODIPY-based indicators that combine a
high extinction, an intense pH-independent ﬂuorescence and narrow
absorption and emission spectra. BODIPY-BAPTA does not have the mi-
tochondrial localization issues associated with rhodamine-based
probes. However, while the green-emitting esters 3 and 8 are spontane-
ously loaded in Jurkat cells andwere used in ﬂow-cytometric Ca2+mea-
surements, no such data is shown for the red-ﬂuorescent analogs, and
the same behavior and performance are only ‘anticipated for the rhod-
2 (5) and X-rhod spectral analogs (7)’ [108]. It would seem important
to see data on these promising Ca2+ probes to appreciate their full
potential. AM esters have been synthetized. The dyes are, to the best
of our knowledge, not commercialized.
2.1.8.2. BOCA-1. Although, not having a peak emission in the red
(λex,max/λem,max = 520/535 nm), the BAPTA-based BODIPY-Calcium
(BOCA) and its derivatives [112] have a broad shoulder N575 nm per-
mitting Ca2+ imaging in the TRITC band. This yellow/orange ﬂuores-
cence can potentially be separated from EGFP upon excitation with a
green diode laser (532, 543 nm). The 250-fold increase in ﬂuorescence
upon Ca2+ binding in vitromakes BOCA one of the indicators with the
highest DR currently reported, a property that should make such
off-peak excitation and detection feasible. An O6-benzylguanine (BG)
derivative allows binding of a SNAP-tag and thereby the precise subcel-
lular localization of BOCA-BG to selected proteins. BOCA indicators have
KD(Ca2+)s ~0.25 μM and ΦF ~ 0.3. In a proof-of-principle experiment,
BOCA-1-BG was shown to sense changes in nuclear and cytosolic
[Ca2+] of CHO-K1 cells stimulated with ATP. No further uses have
been reported. The probe does not seem to be commercially available.
2.1.8.3. KFCA. Combining a furan-fused BODIPY chromophore named
KeioFluor-5 (KFL-5) [113] and BAPTA as the Ca2+-chelating moiety,
KFCA [114] is a red-excited deep-red emitting Ca2+-probe having
a high molar extinction and ﬂuorescence quantum yield (ε=180,000 M
−1 cm−1; ΦF = 0.24). KFCA can be excited with inexpensive 635-nmlaser diodes or the 633-nm line of the HeNe laser and its spectral prop-
erties are compatible with standard Cy5 (649/670 nm) optics, which
should allow its use not only with EGFP but also together with green-
and a red-emitting ﬂuorophore, as KFCA can be detected at the far
(NIR) end of the spectrum.
Finally, other red-emitting Ca2+ indicators based on cyanines [115]
and squaraines [116] have been described, but these probes have low
afﬁnity, faint ﬂuorescence in water and small DRs. To the best of our
knowledge, no subsequent uses have been reported since their initial
publication more than ten years ago.
2.2. Summary
The choice of red-emitting chemical indicators has considerably
widened over the past years. Some of these indicators combine features
that potentially could make them the future workhorses of intracellular
Ca2+ measurements in the red color band. However, at the same time
there is not yet enough data to speak the ﬁnal verdict. While the
‘right’ physico-chemical properties (KD, speciﬁcity, brightness) are nec-
essary for an indicator to be a promising candidate, what in the end
makes a good indicator will only show up during biological use. Subcel-
lular distribution after loading and its temporal redistribution in tissue,
photodamage and pharmacological side effects often only become
apparent once an appreciable number of studies has validated the
molecule in different biological systems and preparations and many of
the new Ca2+ probes have not stood the test of time.
Therefore, it will be crucial to follow the literature and forward cita-
tions concerning these new red-ﬂuorescent Ca2+ probes. One lesson to
be learnt from the past 30 years of Ca2+ ﬂuorimetry is that quite amany
compounds have resulted in little (published) follow-up. It would be
important to share the reasons that have led the rapid disappearance
of a fair number of Ca2+ probes. For example, information concerning
the kinetics of Ca2+ binding and unbinding, ﬂuorescence lifetimes,
photobleaching and extrusion rates, observations made upon non-
linear excitation as well as difﬁculties associated with AM-ester bulk
loading are working knowledge of many user laboratories but are not
openly available, as witnessed by the numerous gaps in Table 1. Also,
a detailed characterization of these red-emitting probes, as done at
the time for fura-2, indo-1 and ﬂuo-3 [117] is currently missing. Recent
initiatives like the Journal of Unsolved Questions (JUnQ, http://junq.info)
might contribute to making these ‘negative results’ public, allow exper-
imenters to make informed choices and guide future molecular designs
and syntheses.
Both single-molecule detection and super-resolution microscopies
have prompted an intense research for better organic ﬂuorophores,
mitigating photo-bleaching, blinking, and develop even “self-healing”
organic ﬂuorophores, in which the triplet state is intramolecularly
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probable that themore than 100-years old ﬁeld of organic synthesiswill
continue evolving in new and potentially interesting directions with re-
spect to red-ﬂuorescent Ca2+ indicators.
3. Red-emitting genetically encoded Ca2+ indicators (GECIs)
3.1. GECIs vs. synthetic chemical Ca2+ indicators
At the time when Bolsover and colleagues examined the degree to
which ﬂuorescent Ca2+ indicators and GFP could be imaged together
[39] the choice was practically only between X-rhod-1 and fura-red.
This situation has changed with the synthesis of new red-emitting
chemical Ca2+ indicators (Section 2), but even more so through the
advent of ﬂuorescent-protein (FP-) based genetically encoded Ca2+ in-
dicators (GECIs), red-emitting variants of which have recently become
available. The term genetically encoded refers here to the fact that
these sensors are solely composed of amino acids and no exogenous
co-factor or synthetic compound is required that would be difﬁcult to
apply in vivo. For the sake of this review, we therefore exclude the
also existing ‘hybrid’ types of Ca2+ sensors that rely, e.g., on energy
transfer from GFP [120–122] to aequorin or red-emitting tandem-
dimer Tomato-aequorin (tdTA) [123].
As a major difference to chemical indicators, the entire genetic tool-
box of cell-type-speciﬁc and subcellular targeting can now be used for
Ca2+ imaging, so that identiﬁed cell populations, sub-cellular compart-
ments or speciﬁc organelles canbe chronically imaged in vivo, with a pre-
cision and over time-scales that were inaccessible with bolus-loaded
AM-esters of chemical indicators. Also, unlike AM-esters for which the
loading efﬁciency of neurons [124,125] and astrocytes [126] both
in vitro and in vivo decreases with tissue age, GECIs are applicable toma-
ture tissue and enable imaging of fully developed neuronal and astroglial
networks. Last, but not least, the ongoing optimization of GECIs is funda-
mentally different from chemical synthesis: imaging-based screening
and multiple rounds of structure-guided design and directed evolution
continue providing newGECIs with new colors and improved properties
at a high pace, and with probably unanticipated results.
3.1.1. Single-ﬂuorescent protein GECIs vs. FRET-based probes
The very recent history of GECIs started from the surprising discov-
ery by Baird et al. [127] that the ﬂuorescence of the GFP chromophore
inside the β-barrel was quite resistant against insertion of even large
protein fragments. The ﬂuorescence of most FPs in their native form is
Ca2+ insensitive, but it depends on other environmental factors, includ-
ing pH, [Cl–] and other halides. Therefore, to act as Ca2+ reporters, sim-
ilar to chemical Ca2+ indicators, GECIs combine a chromophore moiety
(the ﬂuorescent protein[s]) with a Ca2+-binding protein that confers
the Ca2+-sensing function to the ensemble, often by de-quenching the
chromophore and/or modifying the chromophore local environment.
GECIs have now been available for some 15 years and fall into two cat-
egories, the single-ﬂuorophore sensors like the camgaroos [127],
GCaMPs [128] and pericams [129] on the one hand and several fam-
ilies of ﬂuorescence-resonance energy transfer (FRET)-based sensors
on the other hand, including camelons [130,131] and troponin-C-
based types [132]. For the purpose of this reviewhavingmulti-color im-
aging and optogenetic applications in mind, the FRET-based GECIs (that
either use BFP and GFP or CFP and YFP as a FRET pair (see [133] for re-
view) and hence cover a large portion of the spectrum) are of lesser inter-
est than are the single-ﬂuorescent proteinGECIs onwhichwe focus in the
sequel.
The largest disadvantage of GECIs is that these protein-based indica-
tors have, at least at present, not quite attained the sensitivity and speed
of commonly used green-ﬂuorescent synthetic probes and that their
color palette until very recently has been still limited. Combining
several rounds of directed mutagenesis together with high-throughput
screening-by-imaging of action-potential-triggered Ca2+-responses inlentivirally transduced dissociated hippocampal neurons produced
GCaMP6f (f for ‘fast’) as the (to date) fastest (koff = 3.93 s−1) and most
sensitive (DR ~ 50) green ﬂuorescent GECI, with properties close to
those of Oregon-Green BAPTA, OGB-1 [134]. Like other GCaMPs, it con-
sists of a circularly permuted GFP (cp-GFP, [129]), the Ca2+-binding pro-
tein calmodulin (CaM) and the CaM-interacting M13 peptide. Ca2+
binding to the CaM–M13 complex triggers a Ca2+-dependent conforma-
tional change and also modiﬁes the solvent access to the chorophore lo-
calized inside the cpGFP-barrel. Therefore, not only the Ca2+ but the
proton sensitivity is modulated, too and the pKa changes from 8.8 for
the Ca2+-free to 6.2 for the Ca2+-bound form of GCaMP6f. However, as
a green-emitting GECI with a spectrum close to its parent ﬂuorophore
GFP, GCaMP6 is not an option for our purposes of Ca2+ imaging in the
presence of GFP or YFP. Therefore, an intense search has begun to build
GECIs from red-emitting cp-FPs.
3.2. Red-emitting ﬂuorescent-protein-based Ca2+ indicators
3.2.1. Red-ﬂuorescent proteins — a brief history
Efforts to create long wavelength-emitting FP variants by engineer-
ing of GFP were initially unsuccessful [135], but naturally occurring
red ﬂuorescent proteins (RFPs) were discovered in sea anemones.
Shortly thereafter, the ﬁrst genes of autoﬂuorescent proteins, including
dsRed, were isolated from different Anthozoa species [136–138]. How-
ever, their oligomerization or slowmaturation hampered their use. Nat-
ural sources including corals, sea anemones, Hydrozoans, Crustaceans
and even basic chordate animals yielded GFP-like proteins with hues
ranging from cyan to red, and — together with genetic engineering —
produced improved version of red-emitting FPs combining a comparable
(although still somewhat lower) brightness than GFP, fast maturation,
low photobleaching and a reduced tendency for aggregation, see, e.g.,
[139,140] for review.
While a broad choice of orange, red- and far-red FPs now exists
[141–144], the fact that red-emitting FPs took some time to develop
has brought about an important fact that experimenters have to face
today, which is that still most plasmids and transgenic mouse models
incorporate (E)GFP or (E)YFP rather than RFPs. Therefore, as with
chemical Ca2+ indicators, red-emitting GECIs have remained the excep-
tion rather than the rule, although this situation is evolving quickly. Still,
the generally slower maturation and more intricate photochemistry of
the redmolecular chromophores is likely to reserve some surprises, par-
ticularly in multi-color schemes that submit these FPs to fairly intense
UV or blue illumination (see, e.g., [145] and below).
3.2.2. GECO-R, RCAMP-1
Building on the success of the green emitting GCaMP, Zhao and co-
workers developed a method to screen E. coli colonies for Ca2+-
dependent ﬂuorescence changes to identify candidate mutations and
then used directed evolution to develop blue, improved green and
red-emitting indicators, as well as an emission-ratiometric GECI [146].
To generate GCaMP variants of red hue, they kept CaM and its target
peptide M13 but replaced the cpGFP of an improved green G-GECO1.1
by a circularly permuted version of mApple red (561/589 nm) [142]. A
ﬁrst library of candidate proteins was generated by error-prone PCR
and randomization of residues 63 and 102 of mApple red and led to
the identiﬁcation R-GECO0.1, with a DR of 0.6 upon Ca2+ binding and
spectral properties close to that ofmApple red. Subsequent rounds of di-
rected evolution resulted in the production of the improved R-GECO1,
having a KD(Ca2+) of 480 nM and DR of ~15 [49,146]. R-GECO1 was
validated in a multi-color assay by the simultaneous detection of cyto-
plasmic (measuredwith an improved green-emitting G-GECO1), nucle-
ar (R-GECO1, red) and mitochondrial Ca2+ transients (B-GECO1, blue,
or with ratiometric GEM-GECO1) in HeLa cells following histamine
stimulation [146]. Moreover, as for the parent GCaMPs, the pKa of
R-GECO is Ca2+ sensitive and lowers from 8.9 to 6.6 upon Ca2+ binding,
see Table 2 and [147].
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dubbed R-CaMP1.07, by introducingmutations to the prototype indica-
tor R-GECO1. R-CaMP1.07 exhibited superior performance to R-GECO1
in HeLa cells and hippocampal pyramidal neurons where Ca2+ signals
associated with single APs were detected with 95% probability. Also,
following concerns about a possible photoactivation of R-GECO1 by
blue light (see below), Ohkura et al. demonstrated the combinatorial
use of R-CaMP1.07 with ChR2 to detect Ca2+ signals in response to
APs evoked by the photostimulation of ChR2. Overall, expressed in hip-
pocampal neurons in organotypic slice culture, R-CaMP1.07 is as bright
as R-GECO1, it displays a similar basal ﬂuorescence, but the ΔF/F0 and
SNRs of R-CaMP1.07 are 1.5–2.0-fold higher than those of R-GECO1.
The rise and decay time constants of the AP-induced Ca2+ transients
were not signiﬁcantly different between R-CaMP1.07 and R-GECO1.
In addition to their cytoplasmic expression, R-GECO1 and the initial
R-CaMP1.01-variant were unexpectedly localized in the nucleus when
transfected into HeLa cells, but R-CaMP1.07 localized in the cytoplasm.
The reasons are not clear, but theymight involve proteolysis, because in
a similar case of nuclear entry of GCaMP3 it was shown [149] that the
labeled nucleus contained the indicator without having the N-
terminal hexahistidine tag.
3.2.3. Summary
In terms of hues and Ca2+ afﬁnities available, GECIs can already rival
synthetic Ca2+ indicators. One aspect, however, that distinguishes
protein-based Ca2+ indicators from their chemical counterparts, re-
mains their slower kinetics of Ca2+ binding and unbinding. koffs are
typically 100–10,000-fold smaller, leading to a low-pass ﬁltering of
very fast Ca2+ transients. Improvements expected from mutagenesis
are modest [146]. In practice, however, other factors like the more efﬁ-
cient labeling of small cellular compartments may largely outweigh this
disadvantage of GECIs [126]. This is exempliﬁed by the detection with
cytoplasmic or membrane-tethered GCaMP3 of spontaneous Ca2+ mi-
crodomains in ﬁne astrocyte processes [150,151], which pass largely
un-sampled with ester-loaded chemical indicators [152], and are only
seen, albeit to a lesser degree, upon whole-cell patch-clamp loading of
the salt forms of OGB-1 or ﬂuo-4 [153].
In conclusion, although they are undoubtedly extremely powerful
and open avenues for new experimental designs, GECIs, like any tool,
have their weaknesses and problems, see, e.g., [154] for a critical ap-
praisal. The fact that detailed data on GECI properties starts to become
available [147] is clearly a good sign that this ﬁeld is entering in a
more mature phase, but some of the more tricky questions about how
GECIs report and affect the signal to be measured have not been as sys-
tematically addressed as for their chemical counterparts.
In particular, three aspects of GECIs have been up to now been quite
disregarded: (i) their unknown local concentration in situ; (ii) the Ca2+
buffering they introduce, (iii) and the pronounced non-linearity of their
ﬂuorescence. Like all Ca2+ indicators, GECIs are Ca2+ buffers. Know-
ing and better controlling their concentration, afﬁnity, mobility and
distribution will be essential to know to which degree subcellular
Ca2+ signals are distorted. Compared to chemical indicators, control-
ling and estimating GECI concentration is not straightforward, be-
cause the amount of protein expression and subcellular protein
targeting underlie endogenous regulatory mechanisms and are ill
controlled. While the possibility of protein targeting, e.g., using spe-
ciﬁc promoters or fusion constructs has the clear advantage of
improving the GECI's localization and signal, it will locally up-
concentrate Ca2+ buffer capacity, too. Virus titer or plasmid concen-
trations before transduction/transfection give only a hand-waving
idea of local GECI abundance. Sub-cellular localization, and hence
local concentration will further depend on the promoter, the precise
targeting strategy and probably gene regulation speciﬁc for and the pre-
cise morphology speciﬁc for the cell type, too (e.g., the local surface-
volume ratio for membrane-tethered GECIs), so that local GECI concen-
trations will be generally unknown. Also, GECI overexpression mightlead to very high local concentrations producing an ‘overload’ situation,
where all Ca2+ ions are bound to the indicator and, at least before un-
binding, not available for biological signaling. Aware of this problem,
there is a strong drive to developing GECIs with lower κ as it is the
case for the FRET-based turquoise/yellow-emitting GECIs with the
latest-generation Twitch sensor [155].
Also, while subcellular targeting and expression levels are in-
creasingly being investigated (and used to an advantage) in the con-
text of addressing optogenetic actuators like ChR2 to the cell
periphery to improve their efﬁcacy in small and ﬁnely branched pro-
cesses, most users of GECIs seem to have avoided the thorny question
of local indicator concentration and taken ‘Ca2+-dependent ﬂuores-
cence intensity’ as being equivalent to the Ca2+ signal. However, the
relation between the measured ﬂuorescence and [Ca2+]i is further
complicated by the strong non-linearity for Ca2+ binding of most
red-emitting GECIs [49]. Thus, the interpretation of GECI ﬂuorescence
in terms of [Ca2+]i is even less warranted than for chemical small-
molecule Ca2+ indicators and, clearly, some tedious and systematic
groundwork needs to be done here, as it has been accumulated for
chemical indicators over the past 30 years.
A ﬁnal concern with GECIs when using them in conjunction with
photochemical uncaging or optogenetic activation is resulting from
the complex photochemistry of FP-based chromophores. Several recent
studies reported a photoactivation and/or photoconversion of R-GECO1
by UV and blue-light illumination [49,156]. Although it is not clear if this
photoactivation/conversion results from the light doses used in these
experiments, or the particular cell-type-speciﬁc expression pattern
and conditions can be found to avoid this artifact, these observations
once more call for careful controls. In our own experiments using
458-nm light (15 mW/mm2, with a light-pulse duration between 0.1
and 1 s), we did neither observe photoactivation of R-GECO1 nor aber-
rant Ca2+ signals in control astrocytes that expressed only R-GECO1 but
no CatCh, a Ca2+-translocating ChR2 variant [157] (Dongdong Li, un-
published observations), but this ﬁnding may not be generalisable to
other cell types or illumination patterns.
4. Evaluating ﬂuorophore speciﬁcity
4.1. The spectral speciﬁcity index Xijk
In multi-color ﬂuorescence, cross-excitation and bleed-through of
one color channel into the neighboring one bring about the question to
which extent different color channels contain independent ﬂuorophore
information. Even for the simplest case of only two ﬂuorophores,
ﬂuorophore-speciﬁc imaging is often all but trivial [54,158]. A quantita-
tive assessment of the speciﬁcity of the information detected in each
color channel would allow estimating, comparing, and reporting the
quality of multi-color data sets. With these objectives in mind, we intro-
duced the spectral speciﬁcity index as a single ﬁgure of merit [55,159,
160]. The Xijk combines the absorption and emission characteristics of
each ﬂuorophore with the spectral properties of the light source, excita-
tion and emission ﬁlters, dichroic mirror(s) and detector(s). For any
given combination ijk, Xijk speciﬁes the fractional contribution of
ﬂuorophore j to the total signal measured upon excitation i in channel
k. Thus, with N ﬂuorophores,M excitation and L emission pathways, the
M × N × L elements of the Xijk matrix fully characterize the spectral
crosstalk in the experiment. From a practical standpoint, a value of Xijk
= 1 indicates that the measured signal in channel ik is entirely
governed by ﬂuorophore j, i.e., the detection in this channel is perfectly
ﬂuorophore-speciﬁc. Conversely, Xijk is zero if this combination of
wavelengths and ﬁlters does not excite ﬂuorophore j at all, or if its
ﬂuorescence is completely rejected. In many practical experimental
situations, intermediate values of Xijk indicate variable degrees of
cross talk, with a value of 0.5 meaning that the (wanted) signal of
the ﬂuorophore j is as of the same magnitude as the (non-wanted)
cross-talk arising from all other ﬂuorophores together.
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Fig. 3. Evaluating spectral speciﬁcity using the spectral separability index Xijk. (A) Block diagram graphical representation of two-dye dual-color excitation dual-color emission imaging. i, j,
and k=1, 2 each, are the indices of the excitation,ﬂuorophore anddetection, respectively. In the concrete examplewe consider 488/561-nmexcitation of EGFP andX-rhod-1, respectively,
with green- and red-emission detection. (B) Spectral speciﬁcity matrix for the topology shown in (A). The coefﬁcient X111 = 0.99(9) (shaded green) quantiﬁes the fraction of (wanted)
ﬂuorescence detected in channel 1 (525 nm) upon excitation at wavelength 1 (488 nm) that originates from ﬂuorophore 1 (EGFP). X121 = 10−4 is the fractional contamination resulting
fromunwanted cross-excitation of X-rhod-1 at 488 nmand bleed-through of the short-wavelength emission of X-rhod-1 into the green channel. Inversely, for X222= 0.99(9) and X212=
7 × 10−5 quantify the speciﬁcity of X-Rhod-1 detection. The ‘mixed’ ik cross-terms, e.g., X112 or X221 do not apply in this particular detection geometry and are zero. They would be non-
zero in the case of imaging with a dual-view device (image beam splitter). (C) Top, ﬂuorescence spectra of EGFP (clontec) and X-rhod-1 (Invitrogen), excitation spectra and (integrated)
emission spectra are scaled to peak absorbance (ε= 67 and 88 × 103 M−1 cm−1 respectively) and ﬂuorescence quantum yield,ΦF (0.69 ± 0.05 [181] and 0.98, respectively. As noΦF is
available for X-rhod-1, we took the value from Texas Red® instead). Green channel: ZET488/10x laser clean-up, ZT488rdc dichroic, ET525/50m emission ﬁlter. Red channel: ZET561/10x,
ZT561rdc and ET630/75m. (D) Dual color excitation dual-color emission imaging of EGFP-expressing cultured astrocytes loadedwith X-rhod-1 (200 nm, 10min) using TIRF microscopy
conﬁrms negligible cross-talk.
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Fig. 3 illustrates the rationale of the spectral separability index Xijk for
evaluating cross-talk for the example of imaging an equimolar mixture
of X-rhod-1 and EGFP. Autoﬂuorescence is considered negligible. In a
dual-excitation, dual-emission sequential detection scheme both X121
and X212 were below 1% meaning that EGFP and X-rhod can be imaged
together with negligible cross-talk, see Fig. 3A–C. Likewise, when using
sensitive TIRFM detection, no X-rhod signal was detected in the green
channel and aminimal bleed-throughof EGFP (or autoﬂuorescence) ob-
served in the red channel when imaging EGFP-expressing cultured cor-
tical astrocytes loadedwith X-rhod-1 AM, Fig. 3D. Thus, both Xijk and the
experiment conﬁrm the expected result that EGFP and extended rhoda-
mine work ﬁne together [39].
We proceeded similarly for the various red-emitting Ca2+ probes
and GECIs listed in Tables 1 and 2, respectively. Because even for per-
fectly speciﬁc detection aﬂuorophore detectionmight still be hampered
by low signal or an extremely different brightness between the two sig-
nals, we calculated in addition to the Xijk (speciﬁcity) the Eijk (relative
brightness) values [159], taking into account the molecular brightness
and absolute ﬂuorescence collected fraction.We studied two commonly
used acquisition conﬁgurations implemented onmost commercial con-
focal, spinning-disk and epiﬂuorescencemicroscopes, (i), the sequential
acquisition of green and red ﬂuorescence (single-excitation single-
emission with switching cubes between the acquisition of red and
green ﬂuorescence) and, (ii), their sequential excitation with simulta-
neous dual-band detection (without switching ﬁlters). In either case,
we assumed excitation with the 488/561-nm lines and standard ﬁlter
sets listed in Table 3. In asmuch asmost detectors have a fairly ﬂat spec-
tral responsiveness across the green-to-red part of the visible spectrum,we set the detector spectrum to unity, all λ. All ﬁlter spectra were
downloaded from Chroma (Bellows Falls, VT).
4.2.1. Cross-talk resulting from sequential dual-excitation, dual-emission
imaging
Fig. 4A shows the excitation and emission spectra of the discussed
chemical Ca2+ indicators overlaid with those of EGFP. A considerable
overlap of EGFP is observed with the rhodamine-based indicators
(rhods) and OXD-BAPTA. Comparably lower cross-talk is expected for
the longer-wavelength extended rhodamines (X-rhods, CalciumRubies,
Calcium Crimson), Assante Calcium Red (ACR) as well as the Tokyo
Magenta indicators CaTM-1 and -2, respectively. Fat traces highlight
commercially available indicators that are all close to those of the
yellow/green ﬂuorescent proteins; thin lines indicate the new NIR indi-
cators that all have spectra that interfere considerably less with EGFP
imaging. The situation is worse for EYFP due to its 20-nm red-shifted
emission compared to EGFP. These notions are quantiﬁed by calculating
the Xijks, Table 3. For the GECIs, the situation is similar, with a small but
non-negligible overlap between EGFP/EYFP and RCaMP or GECO-R1,
Fig. 4B. (See Fig. 5.)
Not all combinations of EGFP and red-emitting Ca2+ probes work
well with standard ﬁlter cubes. In sequential single-cubemeasurements
ﬂuorophore-speciﬁc detection can, by and large, be obtained. Only for
OXD-BAPTA, ICPBC and fura-red, EGFP contributes 2, 9 and 2%, respec-
tively to the red signal (X121). Worse, the short-wavelength excitation
broad emission of fura-red contaminates also the signal in the green
channel, 26% of which originate from the Ca2+ indicator (X212). In the
presence of EGFP, the GECIs all allow fairly speciﬁc Ca2+ imaging with
X111 and X222 values close to unity. In some cases it does not make
sense to use the ﬁlter standard cubes, like for BODIPY, rhod-4, and
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Fig. 4. Evaluating spectral speciﬁcity of red-emitting chemical Ca2+ indicators and GECIs.
Absorbance (left) and ﬂuorescence emission spectra (right) of measured or published
indicator spectra and of EGFP (green, shaded) and EYFP (yellow). Fat and thin traces are
commercially available probes, illustrating the interest of the newly introduced far-red emit-
ting Ca2+ indicators that with few exceptions all have reduced overlap with EGFP/EYFP. Col-
ored traces show Calcium Ruby (red), GECO1 (orange, through line) and RCaMP1 (dashed).
2301M. Oheim et al. / Biochimica et Biophysica Acta 1843 (2014) 2284–2306BOCA-1. These indicators would beneﬁt from green excitation around
510–520 nm, as provided by the 514-nm Ar+ line or more recent 517
or 520-nm diode laser lines, which are, however, not standard on all
laser-scanning microscopes. Finally, fura-red is a very special case: this
dyes stands out by its broad and UV excitation and double-band emis-
sion. We here used it as an intensometric single-emission dye upon
488-nm excitation but in view of the poor performance, ratiometricFig. 5. FRET-based nanobiosensors for detecting local Ca2+ signals. Intracellularly target-
able nanobiosensors that are light source (green), Ca2+ sensor and ratiometric (and even-
tually polyvalent) reporter (red) in one can be assembled on the basis of nanoscale
scaffolds to which the Ca2+-sensing indicator dye is attached directly, or via linker. The
long wavelength emission (red) upon short wavelength excitation (blue arrow) leads to
a large apparent Stokes shift. Compared to conventional imaging, this ‘pointillistic’ imag-
ing ofmicrodomain Ca2+ signals offers superior spatial precision (ﬂuorophore localization
on a dark background) and an ‘up-concentration’ of many ﬂuorophores in the small
analyte volume. A semiconductor nanocrystal (NC, ‘quantum dot’) donor provides non-
radiative energy transfer (FRET) to the some 20–30 of acceptor ﬂuorophores attached to
its surface. Different ion sensors can be constructed in a modular manner to detect differ-
ent analytes such as: Ca2+, Zn2+ and pH that, provided the dyes have slightly different
emission spectra, can be even multiplexed on the same sensor.measurements are highly recommended. OXD-BAPTA is a similar case,
which, due to the very broad and short-wavelength spectra, presents a
large overlap with EGFP/EYFP and in this respect seems little attractive.
In terms of brightness, most combination of EGFP and red-emitting
Ca2+ indicators display fairly large differences, with E111 and E222 values
differing by a factor of two to three, which indicates that standard ﬁlters
are not optimal and a careful optimization of the cut-on and cut-off
wavelengths of dichroics and band-pass ﬁlters is expected to produce
important gains in speciﬁcity and brightness. This is also true for the
GECIs. Only ACR, CaSiR-1, ICPBC, X-rhod-1 and the Calcium Rubies
have a similar brightness as EGFP when viewed through the standard
ﬁlter cubes. Thus, overall, with little surprise we conﬁrm X-rhod-1 and
propose ACR, CaSiR-1, and the Calcium Rubies as promising new candi-
dates for speciﬁc and sensitive Ca2+ imaging in dual-color imagingwith
EGFP.
4.2.2. Dual-band cubes
Detection of EGFP with red-emitting Ca2+ probes is often used for
imaging dynamic processes in live cells. Therefore, it is attractive to
speed up imaging so as to capture faster events. This can be done by a
dual-view device (image beam splitter) or by using dual-band ﬁlters
and dichroics, removing the necessity to mechanically change ﬁlter
cubes between acquisitions and allowing to just toggle between two dif-
ferent laser lines. As expected, Table 4, the simultaneous emission detec-
tion comes as a price, as speed is traded against speciﬁcity. Cross-talk is
now generally higher than in the sequential single-cube measurements,
and only CaSiR-1, KFCA, GECO-1 and (with measurable cross-talk) the
Calcium Rubies still permit reasonably speciﬁc measurements. BOCA-1,
the rhod dyes, and RCaMP1 would beneﬁt from excitation with the
543-nm line rather than 561/568 nm, which is common for “Texas Red
optics”. In terms of brightness, we observe again large intensity differ-
ences, this time up to several ten-fold, measured by the E111 and E222 co-
efﬁcients. CaTM-1 and -2, OXD-BAPTA, rhod-2, the X-rhods and CaRubies
do comparably well in this respect and lend themselves as indicators
having a similar brightness than EGFP, when Ca2+-bound. Taking into
consideration both speciﬁcity and brightness, X-rhod, CaRuby, CaTM-1
and -2, OXD-BAPTA and RCaMP-1, the latter two with TRITC rather than
Texas-red optics, seem to offer a reasonable compromises. CaSiR-1 is pe-
nalized by its very low excitation and emission efﬁciency with Texas-Red
ﬁlters and should beneﬁt from a careful ﬁlter design, given its otherwise
interesting properties.
4.2.3. Summary
In conclusion, quite a many red-emitting Ca2+ indicators can be
excited efﬁciently and separated from EGFP by sequential single-
excitation, single-emission and even dual-emission schemes, but
many of these Ca2+ indicators would beneﬁt from redder excitation.
On the other hand, quite a few probes still have a strong absorption at
488 nm and emit some green ﬂuorescence that confounds with and
adds a variable background to EGFP-signal. Extra emission ﬁlters
would help enormously for the dual-band-pass ﬁlter cubes, as would a
careful re-design for some of the most promising candidate molecules.
A good surprise are the red-emitting GECI indicators that already at
this stage perform equally well if not better in terms of spectral separa-
bility and brightness than most chemical Ca2+ indicators.
4.3. The trail into the far-infrared
Much of whatwe said earlier in favor of red-emittingﬂuorophores is
even more true for ﬂuorescent probes with absorption and emission
spectra in the near-infrared (NIR) region (650–900 nm). While this
spectral region has traditionally been disregarded by ﬂuorescence
microscopists, a signiﬁcant amount of NIR ﬂuorophores and probes
has been described after 2010 (see, e.g., [161] for a recent review). At
the same time, NIR-emitting FPs have been generated [162] and are in-
creasingly being used in whole-animal imaging, e.g., for tracing tumor
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attractive than their red-emitting counterparts for imaging deep in tis-
sue or in-vivo at several scattering mean-free paths depth, because (i),
scattering cross-sections are lower; (ii), the water and hemoglobin
spectra have a window of low absorption, further increasing depth
penetration; (iii), absorption and autoﬂuorescence generation by bio-
molecules is low in, limiting photodamage and lowering background;
and (iv), in as much as APDs, PMTs, EMCCD and sCMOS detectors all
have signiﬁcant NIR sensitivity. It is therefore conceivable to combine
all-in-one photostimulation in the UV/blue, image marker for expres-
sion of photoactivable FP in the yellow/green, Ca2+ imaging in the red,
morphological control or context information in the NIR.
The alternative of extending the spectral range of imaging to the
deep blue/UV is comparably less attractive, because these wavelengths
result in increased scattering and low tissue penetration, increased cell
toxicity, excitation of endogenous NADH ﬂuorescence, and higher
bleaching. Most microscope optics have low transmission in the UV
and UV imaging is incompatible with most optogenetic tools and
caged compounds that are activated by these wavelengths. The only in-
terest in UV-excited probes comes from their potential use in 2PEF im-
aging that removes the need for UV light but not the problem of blue
spectra tailing off into the green, contaminating the detection band of
the longer-wavelength imaging channel. Altogether, UV-excited Ca2+
probes have by and large been replaced by their visible-light emitted
counterparts.
5. Improving ﬂuorophore localization for more precise
Ca2+ measurements
5.1. Detecting local Ca2+ signals
One primary motivation for using long-wavelength emitting Ca2+
indicators was their use together with cell-type or organelle speciﬁc
markers to enable or improve the readout of speciﬁc subcellular,
i.e., spatially localized, Ca2+ signals. One could therefore, with some
right, ask if instead of moving the Ca2+ imaging into a spectral
band not overlapping with morphological ﬂuorescent markers, our
efforts should not better be concentrated on localizing the Ca2+ indi-
cator in the ﬁrst place. Localization is crucial in Ca2+ signaling, because
not only organelle boundaries compartmentalize Ca2+ signals. Even in
the ‘open space’ of the cytosol most Ca2+ signals are extremely local,
as a result of efﬁcient Ca2+ buffering. That Ca2+ can serve in parallel
as a messenger in several independent signaling pathways is in large
part a result of this spatial conﬁnement. However, if ‘Ca2+ microdo-
mains’ [163] spatially and temporally conﬁne the Ca2+ signal (see, e.g.,
[42,164] for review) in most experiments, the Ca2+ indicator is (fairly)
evenly distributed throughout the cell. Thus, particularly with a high-
afﬁnity Ca2+ indicator, baselineﬂuorescencewill dominate over tiny re-
gions of elevated signal due to locally elevated [Ca2+], making the de-
tection of microdomain Ca2+ signals a major challenge.
Three strategies have been used for improving the detection of
localized Ca2+ signals, techniques (i) that conﬁne the ‘dye volume’,
i.e., tether the indicator to a speciﬁc subcellular target like the plasma
membrane, a particular ion channel, transporter or organelle of in-
terest, (ii) that conﬁne the ‘ﬂuorescence volume’ by the use of low-
afﬁnity Ca2+ indicators that reduce basal ﬂuorescence and act as a
concentration “high-pass ﬁlter” to highlight only large Ca2+ transients,
and (iii) the use of microscope techniques that spatially conﬁne the
ﬂuorescence excitation and/or emission volume to speciﬁc regions of
interest.
5.1.1. Functionalization and targeting of chemical Ca2+ indicators
Strategies for better targeting cell populations and addressing specif-
ic subcellular compartments are arguably the realm of GECIs that can
beneﬁt from the entire toolbox of endogenous protein expression, local-
ization and trafﬁckingmechanisms. But chemical Ca2+ indicators can befunctionalized to be directed against subcellular targets, too, e.g. to pro-
teins using biarsenic probes like FlAsH and ReAsH (see, e.g., [165,166]
for review). In designing the original Calcium Ruby probes [38], we
included a linker side chain attached to the ethylene glycol bridge.
This bridge anchorwas considered to be less interferingwith Ca2+bind-
ing and more versatile than the aromatic ring anchoring used in the
pioneering study by Gee and co-workers in Fluo-4 conjugates [167].
The linker offers a terminal azido group for conjugation, either via
click chemistry using alkyne-tagged molecules or through EDC-
assisted coupling to a COOH bearing carrier after reduction to an
amino group. These reactions permitted the attachment of Calcium
Ruby to a dextran [40], such as for retrograde labeling [168], or its
attachment to the surface of colloidal semiconductor nanocrystals in a
hybrid bioassay combining inorganic and organic ﬂuorophores for
Ca2+ sensing [169]. In addition to these uses, solubilizing groups like
PEGs, sugars (saccharose, glucose), vector peptides addressing the indi-
cator to speciﬁc cell types or subcellular compartments, or fatty acids for
membrane anchoring can be conveniently linked. Using the same strat-
egy Takai et al. recently demonstrated an improved cytosolic retention
of functionalized Ca2+ indicators [170]. Localizable and highly sensitive
Ca2+ indicator based on a BODIPY ﬂuorophore have been reported, too
[171].
5.1.2. Pointillistic Ca2+ imaging with semiconductor nanocrystal
FRET-based Ca2+ biosensors
Indicator functionalization is also the basis for a new approach
aiming at studying microdomain Ca2+ signals using FRET-based Ca2+
nanobiosensors using hybrid organic–inorganic Ca2+ nanobiosensors.
These probes, consisting of a central nanoparticle the surface of which
is decorated with ﬂuorescent Ca2+-indicator molecules, present several
advantages over classical Ca2+ indicators alone for measuring local
Ca2+: One problem with detecting microdomain Ca2+ signals is that
the number of indicator molecules contained in the small volumes re-
cruited by these signaling domains is very small. For near-membrane
Ca2+ microdomains building up around the mouth of an open ion
channel the radial distance over which [Ca2+]i decays to sub-μM values
are typically b0.5 μm, corresponding to a hemisphere of ~2.5 × 10−16 l
volume that, at 100-μM ﬂuorophore concentration, contains some ten
molecules.Working at higher indicator concentrations is often impeded
by the limited water solubility of chemical Ca2+ indicators. Attaching
Ca2+ indicator molecules to the surface of a nanometric scaffold can
up-concentrate the probe close to the Ca2+ source and thereby amplify
the Ca2+-dependent ﬂuorescence signal dF. At the same time, F0 is re-
duced because the bulk of the cell remains unlabeled and local events
are detected in front of a dark background rather than buried in a sea
of bright ﬂuorescence: Ca2+ detection has become “pointilistic”, Fig. 4.
Now, if that same nanoscaffold is itself brightly ﬂuorescent, this will fa-
cilitate the detection and tracking of candidate sites where Ca2+micro-
domains will occur: the same strategy has been used to track the
positions and dynamics of single receptor molecules [172–175], with
the difference that with their additional Ca2+-indicator shell, the func-
tionalized nanocrystals not only emit a positional signal but also have
an ion-sensing function. Finally, in matching the emission spectrum of
the nanocrystal to the absorption spectrum of the Ca2+ indicator, one
can construct FRET-based Ca2+ nanobiosensors that emit dual-color
ﬂuorescence in response to single-color excitation and that combine,
e.g., a green positional signal with a red Ca2+ dependent signal,
thereby generating an intrinsically ratiometric point detector for
local Ca2+. A secondary advantage of this arrangement is that the
short-wavelength donor excitation and indirect acceptor excitation
via FRET produces a very large apparent Stokes' shift, allowing efﬁ-
cient ﬁltering and background rejection. The concept of FRET-based
ion nanobiosensing has been demonstrated for pH [176], Ca2+
[169], and other analytes (see, e.g., [177–179] for review).
Taken together, subcellular targeting with or without nanoparticles
can improve the amplitude and signal-to-background ratio of Ca2+
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progress made by the synthesis of new indicators we can expect im-
portant improvements by the further development of techniques
functionalizable indicators to dextrans, peptides, receptor binding
motifs or bio-orthogonal tags. One should bear in mind, however,
that these exogenous delivery strategies will probably always remain
more invasive and more cumbersome than the endogenous targeting
of protein-based GECIs. Particularly in thick preparations like cell
spheroids, brain slices or intact tissue targeting of chemical indicators
is therefore unlikely to rival the possibilities offered by GECIs.
6. Conclusion
We have revisited the question to which Ca2+ imaging can be
performed in EGFP-expressing cells [39]. The last decade has brought
signiﬁcant advances in this respect, with important progress made
both on the side of small-molecule chemical Ca2+ indicators and,
with probably even more impressive advances, on the side of genet-
ically encoded probes (GECIs). The toolbox of red-emitting Ca2+
probes has ﬁlled up, driven by necessity and the increasing desire
of researchers to combine the techniques of photo-stimulation,
morphological and functional imaging in one experiments. The
rapid expansion of the ﬁeld of optogenetics has had an important
role in driving the expansion of the color palette of Ca2+ imaging. De-
spite the progresses made, multi-band excitation/photo-stimulation,
multi-band emission imaging remains challenging and only the careful
optimization of excitation wavelengths and ﬁlter sets, along with ap-
propriate control experiments for excluding cross-talk and unwanted
photoactivation of optogenetic actuators and photoconversion of the
used ﬂuorescent reporters canwarrant speciﬁc signal detection. Finally,
it should kept in mind we measure not [Ca2+] directly but Ca2+ (and
probably Mg2+, pH, …)-dependent ﬂuorescence, and that the very
presence of the indicator distorts the endogenous Ca2+ signals.
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